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POTENTIAL =LEASE OF FIBERS FROM 
BURNING COMPOSITES 
Vernon L. B e l l  
NASA, Langaey Research Center 
SUMMARY 
A comprehensive experimental carbon f i b e r  source program w a s  
conducted t o  determine t h e  po ten t i a l  f o r  the release of conductive 
carbon f i b e r s  from burning composites. Laboratory t e s t i n g  de ter -  
mined t h e  r e l a t i v e  importance of severa l  parameters inf luencing 
t h e  amounts of s ing le  f i b e r s  released, while l a rge  scale av ia t ion  
jet f u e l  pool f i r e s  provided r e a l i s t i c  confirmation of t h e  labora- 
tory data. The dimensions and s i z e  d i s t r ibu t ions  of  f i re-released 
carbon f i b e r s  w e r e  determined, no t  only f o r  those of concern i n  
an e l e c t r i c a l  sense, bu t  a l s o  for those of po ten t i a l  i n t e r e s t  from 
a heal th  and environmental standpoint. F i r e  plume and chemistry 
s tudies  w e r e  performed with l a rge  pool f i r e s  t o  provide an experi-  
mental input  i n t o  an ana ly t i ca l  modelling of  simulated a i r c r a f t  
crash f i r e s .  A study of a high voltage spark system resu l t ed  i n  
a promtising device f o r  the  detect ion,  counting, and s i z i n g  of  
e l e c t r i c a l l y  conductive f i b e r s ,  f o r  both a c t i v e  and passive modes 
of operation. 
The disclosure ( ref .  1) of the  p o s s i b i l i t y  f o r  widespread 
damage t o  e l e c t r i c a l  and e lec t ron ic  equipment due t o  the  inadver- 
t e n t  re lease  of conductive carbon o r  graphi te  f i b e r s  i n t o  t h e  at- 
mosphere resul ted  i n  the  formation of  a carbon f i b e r  r i s k  analys is  
program with t h e  object ive of assessing t h e  po ten t i a l  r i s k  i n  de- 
t a i l  ( re f .  2 ) .  The i n i t i s l  element of the  NASA study was t h a t  
which required a study of the  source of t h e  f i b e r  i t s e l f .  Since 
the  NASA program was t o  be concerned primarily with r i s k s  r e s u l t -  
ing from the  use of carbon f i b e r s  i n  c i v i l i a n  aeronaut ical  appl i -  
cations,  the  most l i k e l y  source of carbon f i b e r s  was assumed t o  be 
from the  combustion of carbon fiber-reinforced composite a i r c r a f t  
par ts .  A t  t he  beginning of the  program, and t o  t h e  present  t i m e  
(1980), no instance was known of a crash and/or f i r e  involving any 
of the few commercial t ranspor t  a i r c r a f t  having carbon f i b e r  com- 
posi tes  i n  ac t ive  service.  However, severa l  such crashes and 
f i r e s  involving mi l i ta ry  a i r c r a f t  with carbon f i b e r  composites 
have occurred, which together with a body of accident statistics 
fo r  cmmercial  aviat ion suggest the  i n e v i t a b i l i t y  of accidental  
carbon f i b e r  re lease  from c i v i l i a n  a i r c r a f t  crash f i r e s .  
Without experience to  draw on, i t  w a s  necessary to  develop 
and execute a test program to  provide the data for p red ic t ing  how 
much and what kind o f  f i b rous  materials might be released from 
f u t u r e  a i r c r a f t  crashes .  Since the fiber source element w a s  to 
be t h e  first inpu t  i n t o  t h e  comprehensive r i s k  a n a l y s i s ,  t ime w a s  
important i n  developing the tests. Only spa r se  knowledge of f i r e  
release w a s  a v a i l a b l e  a t  the star t  of  =A's prog-am. Limi ted  
q u a l i t a t i v e  laboratory tests had been carried o u t  at the Naval 
Research Laboratory ( r e f .  3). Those tests were p r i n c i p a l l y  t he r -  
mogravimetric a n a l y s i s  and f i r e  tests on very smal l  composite 
specimens. The r e s u l t s  disclosed'some important e f f e c t s  on the 
burning o f  composites, For example, t h e  formation of  a carbona- 
ceous binder ,  or char ,  from t h e  burned epoxy r e s i n s  was h e l p f u l  i n  
holding t h e  r e s i d u a l  carbon f i b e r s  together .  Furthermore, it w a s  
noted t h a t  some form o f  a g i t a t i o n ,  i n t e n t i o n a l  or otherwise ,  w a s  
ins t rumental  i n  causing t h e  r e l e a s e  of  s i n g l e  f i b e r s .  
Pioneering s t u d i e s  i n  f i b e r  release from burned composites 
w e r e  conducted a t  the Naval Surface  Weapons Center ,  Dahlgren, 
Virginia  ( r e f .  3 ) -  The tests w e r e  run i n  an enclosed r o o m ,  which 
meant t h e  complete containment of  a l l  f i b e r  materials given o f f  
dur ing t h e  test. The test procedure involved t h e  combustion of 
composite specimens up t o  0.1 m* (1 f t .  2, i n  s i z e  wi th  a propane- 
a i r  flame. M o s t  of t h e  e a r l y  tests run by t h e  Navy p r i o r  to  
NASA's entrance i n t o  t h e  carbon f i b e r  study involved t h e  dest ruc-  
t i o n ,  subsequent to the f i r e ,  of  t h e  composite panel with 57 grams 
( 2  ounces) of  explosive  placed beneath t h e  specimen. Natura l ly ,  
t h a t  test sequence r e su l t ed  i n  an ex tens ive  r e l e a s e  of  a v a r i e t y  
of f ib rous  ma te r i a l s  ( f i g ,  1). The res idues  w e r e  co l l ec t ed  on an 
a r r ay  of more than a hundred shee t s  of paper coated wi th  a tacky 
adhesive t o  r e t a i n  t h e  f i b e r s  when they f e l l  onto  t h e  papers. 
The count of  s i n g l e  f i b e r s ,  which were considered to  be the most 
l i k e l y  form o f  f i b e r  t o  cause electrical damage over a widespread 
a rea ,  w a s  suppl ied by a group a t  t h e  U. S. Army's Dugway Proving 
Ground, Utah. I n i t i a l l y ,  t h e  amounts of  s i n g l e  f i b e r s  released 
from t h e  burning and exploding of  f l a t  composite p l a t e s  were 
thought t o  be very high,  as much as 20-25% of  t h e  mass of carbon 
f i b e r  o r i g i n a l l y  p resen t  i n  t h e  specimens, Later, co r r ec t ions  
and refinements t o  t h e  counting procedure showed t h a t  t h e  amounts 
of s i n g l e  f i b e r  re leased  w e r e  almost  always less than 10%. 
The afore-described test sequence w a s  intended t o  s imula te  
t h e  c rash  scenar io  f o r  m i l i t a r y  a i r c r a f t .  Based on p r i o r  exper i -  
t h e  burn p lus  explode test appeared t o  be v a l i d  f o r  t h e  
most severe  types of m i l i t a r y  a i r c r a f t  c rash  events ,  i n  p a r t i c u l a r  
those  involving crashing and/or burning on t h e  deck of  an a i r c r a f t  
c a r r i e r .  However, t h e  l ike l ihood  t h a t  t he  same test would simu- 
l a t e  r e a l i s t i c a l l y  t h e  crash of a commercial a i r  t r a n s p o r t  w a s  
thonght t o  be very small.  Nevertheless,  t h e  burn/explode tes t  
was appl ied a t  t h e  beginning of t h e  NASA program t o  s eve ra l  com- 
pos i t e  ma te r i a l s ,  including a i r c r a f t  p a r t s  e i t h e r  of  t h e  type i n  
use or expected to  be used on canmercial aircraft, It was be- 
l ieved  t h a t  such tests could be considered the u l t . h t e  i n  sever-  
i t y  i n  c r a sh  s i t u a t i o n s ,  ~ o l l o w i n g  those  tests were to be a 
l a r g e  number o f  o t h e r s ,  a t  a nu-er o f  l oca t ions ,  which would 
prescr ibe  test condi t ions  covering a wide range of expected can-  
mercial a i r c r a f t  c r a s h / f i r e  events .  
This r e p o r t  descr ibes  t h a t  test program and p re sen t s  t h e  to- 
t a l  r e s u l t s  of t h e  t e s t i n g  which l e d  to  t h e  amounts of carbon f i -  
bers which could be expected to  be re leased  acc iden ta l ly  from the 
crashes,  and ensuing f i r e s ,  of  conaerc ia l  air  t r anspor t s .  Specif -  
i c  amounts o f  f i b e r s  w e r e  recommended f o r  app l i ca t ion  t o  t h e  r i s k  
ana lys i s  computations. I n  add i t i on  t o  t h e  amounts o f  carbon f i -  
bers, t h e  physical  c h a r a c t e r i s t i c s  and dimensions o f  f i r e - r e l ea sed  
carbon f i b e r s  w e r e  determined and t h a t  knowledge was re layed to 
appropr ia te  p a r t i e s  a c t i v e  i n  t h e  f e d e r a l  carbon fiber study. U s e  
o f  t r a d e  names i n  t h i s  report is f o r  t h e  sole purpose o f ' i d e n t i -  
fy ing  the ma te r i a l s  tested, and such use  does n o t  c o n s t i t u t e  an 
o f f i c i a l  endorsement of t h e  products,  e i t h e r  expressed o r  implied,  
by NASA. 
SCOPE OF TEST PROGRAM 
-
The var ious  f a c i l i t i e s  which have suppl ied data f o r  t h e  car- 
bon f i b e r  source  test program have been summarized i n  Table I. 
The test program was under t h e  o v e r a l l  d i r e c t i o n  of  NASA Langley 
Research Center. I n  add i t i on ,  an ex tens ive  inves t iga t ion  of  t h e  
fundamentals of combustion of  both epoxy r e s i n s  and carbon f i b e r s  
w a s  performed a t  Langley. The i n i t i a l  t e s t i n g ,  and eventual ly  
t h e  major por t ion  of t h e  test program was conducted under NASA 
c o n t r a c t  by Naval Surface Weapons Center personnel  a t  Dahlgren, 
Vi rg in ia ,  using t h e  previously-described burn/explode test pro- 
cedure ( r e f .  4 ,  5 ) .  Those tests w e r e  then followed by a compre- 
hensive program a t  t h e  Navy f a c i l i t y  which c o r r e l a t e d  the  amount 
of s i n g l e  carbon f i b e r  r e l e a s e  wi th  numerous f a c t o r s  involving 
t h e  degree and type of d i s tu rbance  to  the composite res idue  dur ing  
and a f t e r  t h e  f i r e  ( r e f .  6 )  . Another laboratory-scale  carbon fi- 
ber r e l e a s e  study was conducted by t h e  AVCO Corporation, Lowell, 
MA, t o  provide some important fundamental composite combustion 
c h a r a c t e r i s t i c s  ( r e f .  7 ) .  Some of  t h e  e a r l i e s t  f i be r - r e l ea se  
da ta  obtained under realistic a g i t a t i o n  condi t ions  was made ava i l -  
ab l e  by S c i e n t i f i c  Services ,  Inc.,  on a con t r ac t  from NASA-Ames 
Research Center ( r e f .  8 ) .  The Jet Propulsion Laboratory c a r r i e d  
o u t  a program t o  develop techniques f o r  de t ec t ing  and quant i fy ing  
re leased f i b e r s  ( r e f .  9), a cont inuing need throughout t h e  carbon 
f i b e r  r i s k  ana lys i s  program. 
Demonstration tests were c a r r i e d  o u t  a t  t h r e e  d i f f e r e n t  lo -  
ca t ions .  The demonstration tests were intended t o  e s t a b l i s h  t h e  
v a l i d i t y  of laboratory-scale  tests. A l l  t h r e e  test series were 
successful i n  providing useful  da ta  about the extent of release 
of carbon f i b e r s  from r e a l i s t i c a l l y  la rge ,  unconfined f u e l  fires, 
even though f i b e r  re lease  was not  always the primary tes t  objec- 
tive. The f i r s t  demonstration tests were conducted by the TRW 
Defense and Space Systems Group a t  the Naval Weapons Center, China 
Lake, CA, under A i r  Force sponsorship ( ref .  10). NASA's role i n  
those t e s t s  was the support of TRW f o r  the reduction and analys is  
of a dozen ~u tdoor~compos i t e  burn tests, beginning with the burn/ 
explosion of 0.1 m composite p l a t e s  and culminating i n  the out- 
door burning of fu l l - s i ze  composite a i r c r a f t  parts. A second 
series of demonstration tests was conducted a t  t h e  Naval Surface 
Weapons Center, Dahlgren, i n  a r a the r  unusual test chamber, a 
0.8 km (one-half m i l e )  long ateel tube, a 275-meter (900 f e e t )  
portion of which was used f o r  the  test ( ref .  11). The p r inc ipa l  
object ive of t h a t  test series was to expase electrical equipment, 
previously shown t o  be damaged by v i r g i n  carbon f i b e r s  i n  labora- 
tory tests, t o  carbon f i b e r s  released by burning carbon composites 
with aviat ion jet fuel .  The t h i r d  set of demonstration tests 
w a s  conducted a t  t h e  Army's Dugway Proving Ground, with two main 
objectives: t o  determine the  amount and nature of f ibrous mate- 
r i a l s  released when subs tan t i a l  q u a n t i t i e s  of carbon f i b e r  com- 
pos i te  parts were burned outdoors i n  a large-size jet f u e l  pool 
f i r e ,  and t o  monitor the  downwind dissemination of f ibrous prod- 
ucts  from the  f i r e  ( r e f .  1 2 ,  13, 1 4 ,  15, 16).  
A series of tests which did not  a f ford  any d i r e c t  f i b e r  re- 
l ease  da ta  did,  however, provide a body of fundamental knowledge 
about f i r e s  which was useful i n  explaining c e r t a i n  observations 
about the  cha rac te r i s t i c s  of released f i b e r s  and i n  confirming 
the amount of f i b e r  which was consumed i n  l a rge  f u e l  f i r e s .  That 
program involved t h e  study of severa l  la rge  pool f i r e s  a t  NASA's 
White Sands, NM, test range ( r e f .  17) .  The f i r e s  were instrumented 
extensively t o  determine the  gaseous chemical species and t h e i r  
concentrations, and the  temperatures and v e l o c i t i e s  within the 
f i r e  plumes. The resu l t ing  da ta  was then applied t o  the  develop- 
ment of a model t o  descr ibe the  nature of la rge ,  l iqu id  hydro- 
carbor. pool f i r e s ,  
RESULTS AND DISCUSSION 
CARBON FIBER RELEASE FROM COMPOSITES 
Dahlgren Chamber Tests 
Burn Plus Explosion Tests 
Composite a i r c r a f t  parts.- A general descript ion of t h e  room 
i n  which t h e  Dahlqren chamber propane burn/explode test was car-  
- - - 
r i ed  out  is given i n  reference 3. Additional d e t a i l s  of the  ex- 
perimental procedure, t e s t  equipment, the  array of co l l ec t ion  
papers, and the c o l f e c t i o n  of  a l l  f i b e r  r e s idues  is repor ted  i n  
re fe rence  4. A Boeing 737 spoiler, i d e n t i c a l  to  a number o f  such 
composite spoilers i n  f l i g h t  service on cammercial a i r l i n e r s ,  w a s  
t h e  source o f  the test specimens. The 0.527 rn by 1.32 m s p o i l e r  
w a s  fabr ica ted  wi th  upper and lower composite s k i n s  of up to 6 
(upper) and 8 (lower) p l i e s  of  T-300 carbon fiber - 5209 epoxy 
tape. An aluminum frame wi th  hinge f i t t i n g s  and some g l a s s  f a b r i c  
w a s  also present .  The test s p o i l e r ,  which had been f a i l e d  i n  a 
f l e x u r a l  test a s  a c a n t i l e v e r  beam, had a long f r a c t u r e  i n  a diag- 
ona l  d i r e c t i o n  across t h e  width of  t h e  s p o i l e r  and through t h e  
c o m p ~ z i t e  skin.  The s p o i l e r  w a s  c u t  i n t o  1 5  specimens which were 
tested wi th  t h e  burn/explode procedure described i n  r e f e rence  4. 
I n  addi t ion ,  t h r e e  dup l i ca t e  specimens w e r e  c u t  from a second 
s p o i l e r  and tested i n  a burn-only mode f o r  comparison wi th  the 
corresponding burn/explode test r e s u l t s ,  
Two por t ions  o f  DC-10 carbon f i b e r  composite rudder p a r t s ,  
f ab r i ca t ed  from T-300 f i b e r  - 5208 epoxy tape ,  w e r e  also c u t  i n t o  
var ious  s i z e d  test specimens. One p a r t ,  called "rudder no, ln, 
d i d  no t  have t h e  g l a s s  fiber-epoxy l eac ing  and t r a i l i n g  edges 
which w e r e  included i n  t h e  "rudder n9. 2" p a r t ,  
The r e s u l t s  o f  those  burn and burn/explode tests f o r  which 
complete fiber count d a t a  w a s  obta ined are presented i n  Table 11. 
Two sets of r e s u l t s  have been given i n  t h e  table. The uncorrected 
r e s u l t s  f o r  t h e  numbers of f i b e r s  accounted for, weight o f  fibers 
accounted f o r ,  and weight percent  of  fiber release based on t h e  
amount o f  f i b e r  ca l cu l a t ed  to  have been p re sen t  o r i g i n a l l y  i n  t h e  
specimen w e r e  t h e  o r i g i n a l  counting d a t a  from Dugway Proving 
Ground. The corresponding corrected r e s u l t s  r e f l e c t  adjustments 
made t o  t h e  e a r l y  d a t a  a s  a r e s u l t  o f  a round-robin counting s tudy 
by four  d i f f e r e n t  laboratories ( r e f .  18) and a subsequent indepen- 
dent  da t a  ana lys i s  ( r e f .  19) .  Weighted averages for t h e  s p o i l e r  
and rudder r e s u l t s  were determined by d iv id ing  t h e  t o t a l  weight 
of  carbon f i b e r  re leased  from a l l  tests by t h e  total  weight of  
carbon f i b e r  i n i t i a l l y  p resen t ,  and mul t ip lying by 100. 
The r e s u l t s  show a wide v a r i a t i o n  from specimen t o  specimen 
i n  t h e  amount of f i b e r  r e l e a s e  by burning and exploding small (225 
t o  1000 cm2) specimens of s p o i l e r s .  The v a r i a t i o n s  i n  t h e  DC-10 
rudder test  r e s u l t s  w e r e  much less extreme. I n  view of t h e  d i f -  
f e r e n t  burn t i m e s  f o r  t h e  s p o i l e r  tests, it is  highly un l ike ly  
t h a t  t he  r e s u l t s  can be reconci led wi th  t h e  test va r i ab l e s .  Even 
tests with  t h e  sane burn t i m e s  b u t  c u t  from d i f f e r e n t  l oca t ions  
i n  t h e  s p o i l e r  (e.g., BT-119/X-89 and BT-120/X-90) gave widely 
d i f f e r i n g  r e s u l t s .  The s c a t t e r  obta ined from t h e  s p o i l e r  tests 
could be a t t r i b u t e d ,  i n  p a r t ,  t o  s eve ra l  f e a t u r e s  of  t h e  construc- 
t i o n  of t h e  s p o i l e r .  Cer ta in  specimens had d i f f e r e n t  th icknesses  
of aluminum honeycomb between the  two composite s k i n s ,  which would 
have an e f f e c t  on t h e  i n su l a t i on  of  the upper s k i n  of  t h e  test 
specimen (mounted ho r i zon ta l ly )  from t h e  flame. D i f f e r en t  r e s u l t s  
would also have been e ~ e c t e d  for specimens which included p o r t i o n s  
of  the heavy metal franw; o r  hinge f i t t i n g s ,  i n  comparison to t h o s e  
with none of t h e  s o l i d  metal p ieces ,  The v a r i a t i o n s  i n  r e s u l t s  
could have a r i s e n  by v i r t u e  o f  t h e  heavy metal  masses se rv ing  as 
h e a t  s i n k s  and thus moderating the thermal e f f e c t  on the composite 
skin.  Perhaps, too, t h e  heavy metal masses from the hinge f i t t i n g s  
could have e i t h e r  moderated, or magnified, the d e s t r u c t i v e  e f f e c t  
of  t h e  explosive  on t h e  upper campasite s k i n  of t h e  test specimens. 
There also may have been a d i r e c t  c o r r e l a t i o n  between t h e  average 
f i b e r  l eng ths  and t h e  weight percen t  o f  r e l ea sed  f i b e r s ,  b u t  no 
at tempt w a s  made to determine how s i g n i f i c a n t  t h e  r e l a t i o n s h i p  
was beyond t h e  fact t h a t ,  n a t u r a l l y ,  t h e  longer t h e  fibers are, 
the  more they w i l l  weigh, 
Several  o t h e r  types of a i r c r a f t  s t r u c t u r a l  p a r t s  w e r e  exposed 
t o  t h e  burnlexplode test a t  Dahlgren ( r e f .  5 ) .  However, t h e  ex- 
pense and time required t o  count t h e  f i b e r s  permit ted t h e  eval- 
uat ion o f  only two tests besides  t h e  737 s p o i l e r  and DC-10 rudder  
tests. I n  one ins tance ,  a 15 cm x 1 5  cm specimen o f  a 1-cm t h i c k  
Nomex honeycomb panel  wi th  two 2-ply carbon-epoxy s k i n s ,  used as 
f loo r ing  i n  some commercial a i r l i n e r s ,  w a s  burned for 1200 seconds 
( se lec ted  a s  a s tacdard  burn t i m e )  and then dest royed wi th  an ex- 
p los ive  b l a s t .  The amount of s i n g l e  f i b e r  re leased  from t h e  pane l  
was near ly  equiva len t  (5%) t o  the average amount r e l ea sed  from Me 
s p o i l e r  tests (5.6%). The same burn/explode test procedure appl ied  
t o  an experimental,  h igh t i p  speed jet engine f an  blade,  fabri- 
cated a t  NASA's Lewis Research Center from AS carbon f i b e r  and 
PMR-11 polyimide r e s i n ,  produced only 1.1% s i n g l e  carbon f i b e r s .  
This lower release may r e f l e c t  a b e n e f i c i a l  e f f e c t  of t h e  r e s i d u a l  
char  remaining from t h e  combustion of t h e  polyimide r e s in .  
Thickness and conf igurat ion effects . .  Ear ly  i n  t h i s  fiber 
r e l ea se  test proqram, some s iqns  were seen t h a t  c e r t a i n  f a c t o r s  
such a s  t h e  r e l a t i v e  th ickness  of  t h e  burned composite might p lay  
a r o l e  i n  the amount of  f i b e r  re leased.  Obviously, t h e  manner i n  
which a composite panel  is "laid-upw, o r  pu t  toge ther ,  t h a t  is, 
i n  un id i r ec t iona l ,  cross-pl ied o r  woven conf igura t ions ,  could a l s o  
be important from t h e  s tandpoint  of  f i b e r  release mechanism. A 
s e r i e s  of  burn and burn/explode tests were run using panels wi th  
1.6, 3.2, and 6.4 mm (1/16", 1/8", and 1/4") th icknesses  f o r  bo th  
un id i r ec t iona l  and-cross-pl ied conf igurat ions  (woven samples were 
not  a v a i l a b l e ) .  The tests were run using t h e  same procedures as 
f o r  t h e  a i r c r a f t  p a r t s ,  except t h a t  t h e  burn t i m e s  were he ld  con- 
s t a n t  a t  1200 seconds and 15 c m  x 15 c m  specimens were used. De- 
t a i l e d  r e s u l t s  of those  tests a r e  t abu la ted  i n  re fe rences  6 and 
20, bu t  a p l o t  of  t h e  test r e s u l t s  i s  presented i n  f i g u r e  2. 
Figure 2 shows t h a t  t h e  amounts of  s i n g l e  f i o e r  re leased  when 
the  specimens w e r e  burned only were much, much less than when 
burned and exploded. There appeared t o  be a s l i g h t  t rend  toward 
g rea t e r  f i b e r  r e l e a s e  f o r  t h i n ,  cross-pl ied samples. The somewhat 
higher  r e l e a s e  f o r  3.2 c m  u n i d i r e c t i o n a l  specimens i n  both  burn  
and burn/explode tests is  thought  t o  b e  due to t h e  poor q u a l i t y  
o f  t h o s e  composite pane l s ,  which had on ly  25 weight  p e r c e n t  r e s i n  
ve r sus  30% f o r  t h e  o t h e r s .  C-scan tests showed them t o  b e  porous,  
wi th  l a r g e  voids .  I t  seemed reasonab le  t h a t  i f  p o r t i o n s  o f  t h e  
f i b e r s  w i t h i n  t h e  voidy a r e a s  had n o t  been w e t  by t h e  r e s i n  d u r i n g  
t h e  manufacturing p rocess ,  then  those  f i b e r s  would be  r e a d i l y  re- 
l e a s e d  when t h e  composite burned. This  was t h e  f i r s t  i n d i c a t i o n  
t h a t  t h e  q u a l i t y  o f  composites r i g h t  be  a f a c t o r  i n  t h e  r e l e a s e  
of carbon f i b e r .  However, s t r i n g e n t  q u a l i t y  c o n t r o l  procedures  
exe rc i sed  i n  t h e  manufacture of  composite a i r c r a f t  p a r t s  would 
prevent  t h e  use  of such poar  q u a l i t y  m a t e r i a l s .  
A summary of  t h e  amounts o f  s i n q ' e  f i b e r s  r e l e a s e d  from a l l  
o f  t h e  Dahlgren burn/explode tests is given i n  f i g u r e  3. The 6.4 
m t h i c k  NASA f l a t  p l a t e  was t h e  same 6.4 m cross -p l i ed  p a n e l  
shown i n  f i g u r e  2. The corresponding 6.4 m, NAVY f l a t  p l a t e  w a s  
a l s o  a c ross -p l i ed  composite,  b u t  t h e  specimen was f o u r  t i m e s  as 
l a r g e  (0.1 m2) a s  the NASA p l a t e  (0.025 m2). 
- - - 
Burn P lus  Non-explosive Dis turbance  T e s t s  
The burn/explode tests desc r ibed  above were, admi t t ed ly ,  f a r  
more d e s t r u c t i v e  than  could  be  imagined f o r  t h e  m a j o r i t y  o f  c i v i l -  
i a n  a i r c r a f t  c rashes .  To answer t h a t  v a l i d  c r i t i c i s m ,  a compre- 
hens ive  test program was run i n  t h e  Dahlgren chamber ( r e f .  6 ) .  
That  program involved t h e  d i s t u r b a n c e  o f  post-burned composi te  
specimens i n  a numbez of  ways which w e r e  f e l t  t o  be  more represen-  
t a t i v e  o f  t h e  types  o f  d i s t u r b i n g  e v e n t s  i n  a commercial a i r l i n e r  
c r a s h - f i r e .  A l l  o f  t h e  tests w e r e  performed by first burning 
s t andard  composite specimens f o r  1200 seconds w i t h  t h e  same pro- 
pane-air  flame used f o r  a l l  o f  t h e  Dahlgren chamber tests. The 
1 5  c m  x 1 5  c m ,  0.45 cm-thick specimens w e r e  c u t  from 60 c m  x 120 
c m  c o ~ p o s i t e  panels .  The pane l s  were f a b r i c a t e d  from 0.014 c m  AS 
fiber/3501-6 epoxl  r e s i n  pre-preg t a p e ,  w i t h  24 p l i e s  laminated  
i-.I a (0 ,  ?45O, 90°)s3 arrangement.  The pane l s  were uniformly ex- 
c e l l e n t  i n  q u a l i t y .  
A i r  b l a s t  and a i r  flow.- Two sets o f  tests i n  t h e  burn  p l u s  
d i s t u r b a n c e  program employed c o n d i t i o n s  which were thought  t o  b e  
t h e  extremes i n  t h e  c r a s h - f i r e  of  a commercial a i r  t r a n s p o r t .  The 
f i r s t  set of tests involved t h e  ins tan taneous  release o f  p r e s s u r -  
i z e d  a i r  such t h a t  t h e  v e l o c i t y  of t h e  a i r  d i r e c t e d  a t  t h e  edge 
of t h e  panel  r e s i d u e  of t h e  burned composite (dIter t h e  1200 
seconds burn pe r iod)  ranged from 70 t o  244 meters p e r  second 
(135-470 knots)  . The h i g h e s t  v e l o c i t y  s imula ted  t h e  f o r c e  from 
an exploding f u e l  tank whi le  70 meters  p e r  second was cons ide red  
r e p r e s e n t a t i v e  of  flame o r  gas v e l o c i t i e s  genera ted  by a r a g i n g  
f i r e  or " f i r e s t o r m " .  
The second set of t e s t s  involved d i r e c t i n g  a flow of a i r ,  
5 and 15 meters per second (10 and 30 knots)  f o r  600 seconds a t  
t h e  edge of  t h e  test specimens e i t h e r  dur ing  or immediately after 
the  rou t ine  1200 second burn period. Those levels of dis turbance  
were thoucjht t o  be t y p i c a l  of t h e  i n f l u x  of  a i r  i n t o  a jet f u e l  
pool f i r e ,  b u t  could a l s o  be  t y p i c a l  of  winds a f f e c t i n g  t h e  re- 
s i d u a l  f ib rous  res idues  a f t e r  t h e  composite p a r t s  had keen burned. 
Reference 6 reports t h e  s p e c i f i c  d e t a i l s  and ind iv idua l  test 
r e s u l t s  f o r  both t he  a i r  b l a s t  and a i r  flow test series. A sum- 
mary of t h e  r e s u l t s  o f  both types  of tests is  presented i n  f i g u r e  
4. The amounts of s i n g l e  f i b e r  re leased  by a 600-second l o w  ve- 
l o c i t y  flow ( 5  m/sec) of  a i r ,  both dur ing and a f t e r  t h e  combustion 
of t h e  composite, were r e l a t i v e l y  l o w .  The extremely low amount 
of f i b e r  given o f f  when the  15 m/sec a i r  flow was appl ied  t o  t h e  
burning composite, i n  c o n t r a s t  to  t h e  near ly  1% given o f f  a f t e r  
t h e  burn w a s  complete, was due t o  the  f a c t  t h a t  t h e  composite w a s  
kept  cooled down by the a i r  flow, thus  preventing t h e  burn-off of  
t he  res in .  However, both s i t u a t i o n s  seem to  be l i k e l y  occurrences 
i n  a crash-f i re .  The release of 2% t o  near ly  4% s i n g l e  f i b e r  as 
the resclt o f  t he  impact o f  high pressure  a i r  a l s o  seems to be 
va l id  f o r  events  t h a t  could occur i n  t h e  most severe  types of 
commercial a i r c r a f t  crash f i r e s .  Although explosions such a s  
those  from ruptured f u e l  tanks ,  according t o  acc iden t  records ,  
are the  exception r a t h e r  than t h e  r u l e ,  they do happen i n  about 
15% o f  t h e  crashes  and must be accounted f o r  i n  t h e  r i s k  ana lys i s .  
Obviously, they can approach ordnance-type explosions i n  s e v e r i t y  
from the s tandpoint  of promoting release of s i n g l e  f i b e r s  (c . f . ,  
fig. 3).  
External  (pendulum! impact.- The s imulat ion o f  t h e  e f f e c t  
of mechanical impacts, as could r e s u l t  when heavy metal p a r t s  
w e r e  e i t h e r  dropped or propelled a g a i n s t  burned composite p a r t s ,  
was accomplished w i n g  a pendulum impact tester. A complete de- 
s c r i p t i o n  of  t h e  test apparatus and procedure, as w e l l  a s  complete 
t e s t  r e s u l t s ,  has been reported i n  re fe rence  6. Five d i f f e r e n t  
pendulum heads were used f o r  t h e  tests, with  t h e  burned composites 
being impzcted by t h e  pendulum heads a t  four  d i f f e r e n t  angles.  
A summary of the  r e s u l t s ,  presented i n  f i g u r e  5 ,  shows t h a t  a l l  
combinations gave o f f  l e s s  than one-quarter percen t  s i n g l e  carbon 
f i b e r ,  based upon t h e  amount of f i b e r  i n i t i a l l y  p re sen t  i n  t h e  
composite specimen. These r e s u l t s ,  toge ther  wi th  o t h e r s  tc  be 
given later i n  t h i s  r e p o r t  (drop impact tests), suggest  t h a t  
d is turbances  such a s  those  caused by t h e  co l l apse  of por t ions  
of a i r c r a f t  s t r u c t u r e s  (e ,g . ,  a v e r t i c a l  s t a b i l i z e r  f a l l i n g  on to  
a burning o r  burned composite ho r i zon ta l  s t a b i l i z e r )  would have 
a minimal e f f e c t  upon t h e  amount of s i n g l e  f i b e r  re leased .  
I n t e r n a l  disturbances.-  I f  the  types of  dis turbances  t o  t h e  
burned composites described above a r e  considered t o  be  ex t e rna l ly  
caused (explosions,  o r  impacts by a i r  o r  mechanical o b j e c t s ) ,  then 
another general  form of d i s rup t ion  of  the  burned remnants could 
conceivably be gsnerated by forces  i n t e r n a l  t o  t h e  composites. 
Such forces  a s  twis t ing ,  f l ex ing ,  v i b r a t i n g  o r  dropping could be 
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caused by the h e a t i n g  or coo l ing  o f  the burn ing  or burned composi tes ,  
or from such a c t i o n s  as t h e  breaking o f f  or t w i s t i n g  o f f  o f  p o r t i o n s  
o f  composite a i r c r a f t  s t r u c t u r e s .  A series of  tests to  determine 
t n e  s e v e r i t y  of i n t e r n a l  f o r c e s  i n  b r i n g i n g  about  t h e  release of  
s i n g l e  carbon f i b e r s  was conducted i n  t h e  Dahlgren chamber and is 
repor ted  i n  d e t a i l  i n  r e f e r e n c e  6. 
As is  apparen t  from the summary of  r e s u l t s  i n  f i g u r e  6 ,  a l l  
of t h e  i n t e r n a l  forces s t u d i e d  ( f l e x i n g  or t w i s t i n g  t h e  composite 
remnants t o  d e s t r u c t i o n ,  v i b r a t i n g  a t  30 h e r t z ,  or dropping t h e  
burned composite f r o m  a h e i g h t  of  2.44 meters - a l l  a f t e r  t h e  
s t andard  1200 second burn  p e r i o d )  genera ted  amounts o f  s i n g l e  f i -  
b e r s  e q u a l l y  a s  s m a l l  a s  were r e l e a s e d  by the pendulum impact  tests. 
Therefore,  it was concluded t h a t  t h o s e  a c t i o n s ,  which cou ld  c e r t a i n -  
l y  p r e v a i l  i n  r a g i n g  f i r e s ,  would c o n t r i b u t e  a n  i n s i g n i f i c a n t  amount 
t o  t h e  t o t a l  release of s i n g l e  carbon f i b e r s .  
Burn T e s t i n g  o f  Honeycomb Core Pane l s  
Among t h e  aircraft p a r t s  t e s t e d  by burning and exploding t h e  
specimens w a s  a 1-cm t h i c k  pane l  composed of  a Nomex honeycomb core 
and two carbon/epoxy s k i n s .  The burn  p l u s  explode t e a t s  showed 
( f i g u r e  3 )  t h a t  about  as much s i n g l e  f i b e r  was r e l e a s e d  from t h a t  
panel  as fi-om t h e  average  of t h e  737 s p o i l e r  t e s t  specimens, and 
s l i g h t l y  more than  from t h e  averaged DC-10 rudder  specimens. It 
was later found t h a t  t h e  two-ply carbon/epoxy t a p e  s k i n s  were 
covered on t h e  o u t s i d e  w i t h  a t h i n  g l a s s  f i be r  s c r i m  cloth. 
When tests less s e v e r e  than  t h e  burn-explode test were conduct- 
ed on t h e  honeycomb pane l ,  t h e  r e s u l t s  were r a t h e r  unusual.  Simply 
burning t h e  pane l s  w i t h  a propane-air  flame i n  t h e  Dahlgren chamber 
r e l e a s e d  a n  extremely small amount o f  f i b e r s :  abou t  0.01% of  t h e  
mass i n i t i a l l y  p r e s e n t  i n  t h e  specimens. However, t h e  a p p l i c a t i o n  
of 15 m/sec a i r  f low a t  t h e  f i b r o u s  r e s i d u e  ( a f t e r  a s t a n d a r d  1200 
seconds Lnrn t i m e )  r e l e a s e d  n e a r l y  2 %  s i n g l e  f i b e r s ,  whi le  a 244 
m/sec b l a s t  of a i r  d i r e c t e d  a t  t h e  post-burned f i b r o u s  r e s i d u e  
r e l e a s e d  8% s i n g l e  f i b e r s .  Perhaps more impor tant  t h a n  t h e  amounts 
of  f i b e r s  r e l e a s e d  was t h e  n a t u r e  of  t h e  f i b e r s .  Those g iven  o f f  
under burn c o n d i t i o n s  on ly  had a mean l eng th  of  2.8 mm ( f o r  a l l  
f i b e r s  over  1 mm i n  l e n g t h ) .  Those g iven o f f  a s  a r e s u l t  of  a i r  
flow and a i r  b l a s t s  were abnormally long: from t h e  ten-minute flow 
of 15 m/sec (70 k n o t s )  a i r ,  t h e  f i b e r s  averaged 8.3 mm, w h i l e  t h o s e  
given o f f  a s  a r e s u l t  of  t h e  ins tan taneous  b l a s t  of  h igh  p r e s s u r e  
a i r  had a n  average l eng th  of 5.7 nun. I n  b o t h  c a s e s ,  t h e r e  w e r e  
some very long f i b e r s ,  t h a t  i s ,  20-50 rnm long,  a phenomenon which 
had n o t  been observed i n  o t h e r  tests. 
The honeycomb pane l  tes t  r e s u l t s  i n j e c t e d  a q u e s t i o n  i n t o  t h e  
mat te r  of carbon f i b e r  r e l e a s e  from composite a i r c r a f t  s t r u c t u r e s .  
While t h e  weight  pe rcen t  o r  mass of  r e l e a s e d  s i n g l e  f i b e r s  (8%) 
was f a i r l y  h igh ,  t h e  a b s o l u t e  numbers of f i b e r s  were lower, n a t u r a l -  
l y ,  because of t h e  g r e a t e r  mean l eng ths .  On t h e  o t h e r  hand, t h e  
f i b e r s  from t h e  honeycomb pane l s  were cons ide rab ly  longer  than  had 
been found i n  burn t e s t s  of o t h e r  m a t e r i a l s ,  which g e n e r a l l y  gave 
o f f  f i b e r s  wi th  mean lengths  between 2 and 3 mm. The v u l n e r a b i l i t y  
of electrical equipment t o  carbon f i b e r s  has  been shawn to  inc rease  
with increas ing  f i b e r  length (ref.211, so i f  t h e  release of abnor- 
mally long f i b e r s  from a l l  such carbon fiber-honeycomb panels  was 
t yp i ca l ,  it might be  of some concern i n  terms of t h e  p o t e n t i a l  
r i sks .  
Accordingly, t w o  o the r  types of honeycomb panels  of t h e  same 
general  conf igurat ion were obtained f o r  study,  One such panel  had 
sk ins  cons i s t i ng  of two p l i e s  of carbon f i b e r  woven f a b r i c  impreg- 
nated wi th  epoxy r e s i n ,  whi le  t h e  o the r  type of pane l  had s k i n s  
composed of  one p ly  of carbon f a b r i c  and one p ly  of Kevlar f a b r i c ,  
both impregnated with epoxy, w i t h  t h e  carbon f i b e r  on t h e  o u t s i d e  
of t he  panel. Both panels  had a 1.27-cm th i ck  Nomex honeycomb core ,  
These two types  of f i n i shed  panels ,  as w e l l  as t h e  one t e s t e d  
earlier, are expected t o  be used extensively  i n  f u t u r e  composite 
a i r c r a f t  s t ruc tu re s .  Specimens of each, 15 c m  x 15 cm,  were ' 
examined by means of  t h e  burn only, burn p lus  15 m/sec. air  flow, 
and burn p lus  244 m/sec. a i r  b l a s t  procedures. Ind iv idua l  test 
r e s u l t s  are given i n  re fe rence  6, A summary of t h e  test r e s u l t s  
f o r  a l l  three types of panels  is given i n  f i g u r e  7. 
The app l i ca t ion  of  a post-burn, 15 m / s e c .  flow of air  t o  t h e  
burned composite panel  with carbon f i b e r  f a b r i c  a lone (B) r e l ea sed  
more s i n g l e  f i b e r s  ( 4 % )  than from e i t h e r  panel  A (un id i r ec t iona l  
carbon f i b e r  tape wi th  g l a s s  f i b e r  scrim c l o t h )  or panel  C ( s i n g l e  
l ayers  of carbon and Kevlar c l o t h ) .  However, t h e  f i b e r s  which were 
re leased  from panel  B were much s h o r t e r  than from panel  A. The 
post-burn a i r  b l a s t  test gave much less s i n g l e  f i b e r s  and of shor t -  
e r  length from panel  B than from panel  A. The amount of f i b e r s  
given o f f  by t h e  carbon/Kevlar hybrid panel  (C)  was almost as 
g r e a t  a s  by panel  A, b u t  t he  mean f i b e r  length w a s  considerably 
less. 
I n  con t r a s t ,  t he  summary of t h e  burn only tests f o r  t he  t h r e e  
panels a t  t h e  r i g h t  s i d e  of f i g u r e  7 (note t h e  d i f f e r e n t  s c a l e )  
shows t h a t  panel  A re leased  much l e s s  s i n g l e  carbon f i b e r  than d i d  
panels B and C. 
Observation of t h e  a c t u a l  burn only tests suggested t h a t  t h e  
presence of t h e  g l a s s  f i b e r  scrim c l o t h  overlaying t h e  burning 
carbon f i b e r  t ape  sk ins  of panel  A seemed t o  prevent t h e  r e l e a s e  of 
s i n g l e  f i b e r s  i n  t h e  absence of a s t rong  d i s tu rb ing  force .  However, 
the  scrim c l o t h  a l s o  seemed t o  p r o t e c t  t he  underlying long, unidi-  
r e c t i o n a l  carbon f i b e r s  from oxidat ion so t h a t  when t h e  s t rong  flow 
o r  b l a s t  of a i r  was appl ied,  unusually long f i b e r s  were ava i l ab l e  
f o r  r e l ea se  when t h e  g l a s s  scrim c l o t h  w a s  biown away. Obviously, 
the  use of carbon f a b r i c  sk ins  alone and hybrid carbon/Kevlar f a b r i c  
sk ins  was e f f e c t i v e  i n  reducing t h e  lengths  of t h e  re leased  f i b e r s ,  
although it d i d  not  necessar i ly  diminish t h e  mass of carbon f i b e r s  
given o f f .  Although a complete c o r r e l a t i o n  of t h e  e f f e c t s  of the 
various f a c t o r s ,  ind iv idua l ly  and c o l l e c t i v e l y ,  upon the  p o t e n t i a l  
r i s k  of damage to  electrical equipment were n o t  completely 
c o ~ r e l a t e d ,  the conc lus ion  was reached t h a t  t h e  f u t u r e  ase o f  t h e  
honeycomb p a n e l s  tests d o  n o t  p r e s e n t  a s i g n i f i c a n t l y  g r e a t e r  
t h r e a t  t o  electrical equipment than  t h e  o t h e r  types  o f  carbon com- 
p o s i t e  m a t e r i a l s  which were t e s t e d  e a r l i e r .  
Burn-Only T e s t i n g  o f  Carbon M a t e r i a l s  
The extreme e v e n t  f o r  r e l e a s i n g  minimum amounts o f  carbon 
f i b e r s  dur ing  t h e  burn ing  o f  composites w a s  cons ide red  to  be  t h e  
s imple burning o f  t h e  composite wi th  no i n t e n t i o n a l  d i s t u r b a n c e  
dur ing  or a f t e r  t h e  f i r e .  For s e v e r a l  of t h e  series o f  tests 
d i scussed  above, s imple burn tests a l o n e  were run  on composite 
specimens i n  t h e  Dahlgren chamber to p rov ide  a c o n t r a s t  t o  the 
d e s t r u c t i v e  burn/axplode tests.. Some of  the "burn only" t es t  
r e s u l t s  were p rev ious ly  giver' i n  f i g u r e s  2 and 7 .  F igure  2 shows 
t h a t  4 o u t  of  5 f l a t  composite pane l s  o f  va ry ing  th ickness '  e m i t t e d  
less than  0.1% s i n g l e  f i b e r s  when simply burned q lone  w i t h  t h e  
c i r c u l a r  propane-air  burner  used i n  t h e  Dahlgren chamber. The 
lone  excep t ion  w a s  a 3.2 m specimen o f  doubtf  u l  q u a l i t y  (re: in-  
poor,  porous)  which r e l e a s e d  only  0.2% s i n g l e  f i b e r s .  Likewise, 
f i g u r e  7 shows t h a t  t h e  amounts of  s i n g l e  f i b e r s  r e l e a s e d  from 
burn-only tests on t h r e e  d i f f e r e n t  carbon f i b e r  skin-honeycomb 
pane l s  w e r e  e q u a l l y  smal l ,  about  0.2% o r  less, i n  c o n t r a s t  t o  up t o  
8% f i b e r s  r e l e a s e d  w!~en t h e  burned composite specimens were 
des t royed by h igh v e l o c i t y  a i r  b l a s t s .  
F u r t h e r  evidence of t h e  need f o r  a d i s t u r b a n c e  t o  cause  a 
s i g n i f i c a n t  r e l e a s e  o f  f i b e r s  was a f f o r d e l  by t h e  s imple  burning of 
t h r e e  p i e c e s  of 737 s p o i l e r ,  which were i d e n t i c a l  i n  s i z e ,  shape ,  
and l o c a t i o n  froin the s p o i l e r  t o  t h r e e  which had p rev ious ly  been 
burned and exploded. I n  t h i s  set of tests, t h e  amounts r e l e a s e d  
from t h e  t h r e e  burn only  tests ( f i g u r e  8 )  w e r e  less t h a n  0.01% 
s i n g l e  f i b e r s  based on t h e  weight  of carbon f i b e r  i n i t i a l l y  p r e s e n t  
i n  t h e  specimen. Perhaps t h e  d r a m a t i c a l l y  lower f i b e r  r e l e a s e  from 
t h e  burn only  tests can be  a t t r i b u t e d  t o  t h e  presence  of t h e  meta l  
p o r t i o n s  of t h e  tes t  samples,  which might have a c t e d  a s  h e a t  s i n k s  
and moderated t h e  "hermal environment of  t h e  samples dur ing  t h e  f i r e .  
Two samples of v i r g i n  (raw) carbon f i b e r ,  wound a s  cont inuous  
tow on p l a s t i c  s p o o l s ,  were burned t o  determine how much might be  
r e l e a s e d  from a mass of f i b e r  p rev ious ly  uncombined w i t h  r e s i n .  A 
0.45 kilogram s p o o l  of *I"-3C0 f i b e r  r e l e a s e d  a b a r e l y  d e t e c t a b l e  
amount of  s i n g l e  f i b e r s ,  0.0005%, a f t e r  t h e  s t a n d a r d  1200 second 
burn pe r iod ;  a 0.63 ki logram spoo l  of  HMS f i b e r  gave o f f  0.01% of 
s i n g l e s .  Molt i n t e r e s t i n g  than  t h e  amounts r e l e a s e d  was t h e  obser-  
v a t i o n  t h a t  t h e  r e s i d u a l  mass of T-300 f i b e r  a f t e r  removal o f  thz 
flame continued t o  glow f o r  5400 seconds, r e s ~ l t i n g  i n  a t o t a l  mass 
l o s s  of more than  90% due t o  o x i d a t i o n  of t h e  amorphous T-300 f i b e r .  
However, when t h e  flame was removed from t h e  HMS f i b e r  mass, burn- 
i n g  ceased immediately, and no mass l o s s  cou ld  b e  d e t e c t e d .  HMS 
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A sumary of a l l  the burn-only test results  for three specific 
737 spoiler specimens and a type A (see f i g ,  7 )  carbon Liber-fibex- 
glass shin, Xorex honey- core  pa^&, tagether vith the muna 
of carbon fibers re leased when the same type speciuegg5 vem 
subjected to burn plus explode tests, is- g i m  in figtam? 8. LLLso 
given are ttre results for W bum-unly tes- of kbe w 2 - i ~  c- 
fibers on €he spools, which had not previously been CQlBineQ W Z B  
a resin to form composites. 2hose indicate t h 4 s  a f & e  
involving raw carbon fibers, spCB as dght OCEDT in a 3Wzage 
warebause or during a ~aaufacturfng operatioat w u d  probab2jl 
release r e l a t i v e l y  small amounts of electrically hasambus sikgle 
carbon fibers. 
AVCO F i r e  Test F a c i l i t y  . 
A f i r e  simulation test f a c i l i t y  which had been b u i l t  previous- 
l y  by the AVCO Specialty Ha?arials Division, Wel l ,  Massachusetts 
was put t o  good use i n  Me carbon f i b e r  release progra. The 
existirrg f a c i l i t y ,  which had been used to study t h e  development of 
f i r e  protect ion mater ia ls ,  u t i l i z e d  na tu ra l  gas as the convective 
hea t  source. Ir: addit ion,  it had a rad ian t  heat ing system which 
helped make the system a t t r a c t i v e  for simulccing the k u n i n g  of 
composites i n  jet fuel f i r e s ,  s i n c e  realistic combinations of 
rad ian t  and convective heat f luxes  could be obtained. 
The ex i s t ing  chamber w a s  modified i n  seve ra l  ways which made 
it more s u i t a b l e  f o r  studying compsite burning and carbon f i b e r  
re lease-  F i r s t ,  the chamber w a s  modified to supply a forced a i r  
d r a f t  up t o  8 meters/second through the test sect ion.  Air f u e l  
mixtures ranging from 6:l to 20:l w e r e  then possible.  A method 
of ag i t a t ing  t4e f ibrous res idue during and after the combustion of 
the composite specimens (nominally 5 cm x 12.5 cm i n  s i z e )  w a s  
~ r o v i d e d  f o r  with a pulsa t ing  flow (5 pulses/second) at about 5 
;/second of arson gas di rec ted  a t  the sample. And l a s t l y ,  a f i b e r  
trapping chamber w a s  sssembled at the end of  the  f i r e  test se r t ion .  
This chamber u t i l i z e d  a f a l l i n g  water c u r t a i n  which e f f i c i e n t l y  
trapped the f i b e r s  which were released from the  burning composite. 
The water containing the  entrapped f i b e r s  was f i l t e r e d  to ca tch  
the fibers and other p a r t i c u l a t e  matter, mostly soot.  When a f i n e  
spray of dr te rgent  so lu t ion  was appl ied t o  the w e t  f i l t e r ,  the 
f i n e l y  divicied soo t  became wetted and passed through t h e  somewhat 
porous f i l t e r  mater ia l ,  leaving the f ibrous  mater ia l  behind, to be 
measured gravimetrically.  Complete details of the cons t ruc t ion  and 
operation of the  improved test f a c j l i t y  a r e  reported i n  reference 7. 
The AVCO f i r e  test f a c i l i t y  w a s  used f o r  a fundamental study 
of soaae variables which are important  in the potential release o f  
carbon f i b e r s  from burning composites. Three of  the v a r i a b l e s  
s tud ied  gave t h e  r e s u l t s  shown i n  f i g u r e  9. Var ia t ion  of the fuel- 
t o - a i r  ratios from lean  to  r i c h ,  holdinq o t h e r  v a r i a b l e s  cons tan t ,  
d i d  no t  h a w  a marked e f f e c t  ~n the amounts o f  f i b e r s  t h a t  w e r e  
given o f f ,  although it d i d  make a considerable  d i f f e r ence  i n  t h e  
a m u n t  of  f i b e r s  which w e r e  consumed, or oxidized away by t h e  f i r e .  
However, t h e  e f f e c t  of edge r e s t r a i n t  j n  reducing t h e  amounts of  
f i b e r s  re leased  was c l e a r l y  demonstrated, s i n c e  nea r ly  t e n  times 
as much f i b e r  w a s  given o f f  from a specimen with  t h r e e  r a w  edges 
exposed t o  the flame as evolved from a s ciaren which was mounted 
i n  a rectangular  metal frame. That cou P" d be a s i g n i f i c a n t  f a c t o r  
i n  M e  release of  f i b e r s  f r o m  s h a t t e r e d  composite p a r t s  of a crashed 
a i r c r a f t .  Although t??e AVCO f a c i l i t y  employed a d d i t i o n a l  air f l w s  
of up to  8 m/scc. (15 knots)  p a s t  the burning test specimen, 
pu lses  of  argon 3 i r e c t e d  a t  the burning composite p l a t e s  were used 
t o  s imulate  turbul.*nt fo rces  i n  a raging f i r e .  The r e s u l t s  i n  
f i gu re  9 s h w  t h a t  t h e  argon pu lses  d id ,  indeed, i nc rease  t h e  
amount o f  re leased f i b e r s .  
A s tudy of the  e f f e c t s  of f i r e  va r i ab l e s  on t h e  e x t e n t  o f  
oxidat ion,  o r  burning up, of carbon f i b e r s  w a s  also performed by 
AVCO and those  r e s u l t s  have been presented i n  a later s e c t i o n  of  
t h i s  r e p o r t  on t h e  c h a r a c t e r i s t i c s  of f i r e - r e l ea sed  carbon f i b e r s .  
F u l l  d e t a i l s  of the AVCO s tudy are repor ted i n  re fe rence  7. 
S c i e n t i f i c  Services ,  Inc. T e s t  F a c i l i t y  
One of  t h e  earliest f i b e r  release test opera t ions  was the 
drop impact chamber devei-oped by S c i e n t i f i c  Services ,  Inc. a t  
Redwood C i ty ,  CA under con t r ac t  NAS2-9945 from NASA's Ames Research 
Center. T e s t s  i n  t h a t  f a c i l i t y  provided some very e a r l y  fundamental 
composite burn r e s u l t s  which w e r e  of value  t o  t h e  carbon f i b e r  r i s k  
ana lys i s  program. 
The test procedure involved the  burning of 0.1m2 composite 
panels wi th  an a r r ay  of  h ighly  r ad i an t ,  na tVl ra l  gas  burners. 
Following t h e  combustion of the composites, p r o j e c t i l e s  o f  var ious  
weights were dropped from se l ec t ed  he igh ts  onto  t h e  f i b rous  resl- 
dues of t h e  specimens. I n  o rder  to allow f o r  subsequent ana lys i s ,  
a cover immediately encased the  impacted specimen and t h e  f i b rous  
remnants which had been given o f f .  Ful, d e t a i l s  and r e s u l t s  of 
t h a t  test  program were repor ted i n  reference 8. Figure 10 shows 
some t y p i c a l  r e s u l t s ,  both of t he  amounts of s i n g l e  carbon f i b e r s  
re leased and of t o t a l  fragments e j ec t ed  from the  burned composite 
by the  impact. No s i g n i f i c a n t  d i f f e r ence  i n  the  amounts of s i n u l ~  
f i b e r s  emitted were noted, e i t h e r  f o r  d i f f e r e n t  drop weights and 
heights  o r  f o r  woven carbon f a b r i c  used i n  t he  panel ~ o n s t r u c t i o n  
versus c rossp l ied  f i b e r  tape. ~ O K C - . ~ ~ ~ ,  IT!, to ir ten-fold  reduct ion 
i n  the  amounts of fragments resu l tedf rom impacting the  burned 
co~posites WCL frcna orrbon cl~th. mmpared th-a g a 2 s i e  wl 
f r c r r ~  c ~ . p l i e d  fi- Vi~wtl obs-k€oa &lac- 
that a relatively u c l e ~ *  hole had brren punched *Amugh M e   
s q & e  in contrast to a gross  shattering cf crossplied specfraan; 
This suggests that wuven ~urstrrrction colgosite parts on airclcrtft 
would be more resistant to danage by impacts froea projectiles orr 
other articles than would these fabricated from unidirectional 
-E=* 
T W  Out!door %sts - C h i n a  Lake 
me first 1-8-scab outdoor test8 designed to release a&aan 
fibers frua burning campsites vere conducted i a  1978 by the TRW 
Defense and Space Systems G r o ~ p  at the Naval 4hapoas mrttex 
China rake, a. 1Vhe tests we- run aaQer a eustxaet: fmxa the J k k  
Porce's Fkmae Air Ikvelopmnt Center,  Griffiss Air Fatee  Base, m, 
w h i l e  the test data was reduced, analyzed, aad reported €hxeu@a a 
contract frcm NASA (ref. 10)- me general abjectives of the test 
series were: (1) to verify the results of  the closed chamber roe- 
posit@ burn-explode tests which had been conducted by the Navy at 
Dahlgren, VA, ar.d 12) to s imula te  aircraft acc iden ts  i n  which 
carbon f i b e r s  might be released. 
Tes t  Procedures 
A swmaq of  t h e  tests i n  the program has been given i n  Table 
111. The f i r s t  three tests, which w e r e  prel iminary to the NWC- 
China Lake tests, were a c t u a l l y  c a r r i e d  o u t  at TRWss Capis t rano 
Tes t  S i t e  (CTS) a t  San Clemente, CA. Three 0.1 square  meter x 6.4 
msa thick carbon f i b e r  composite (T-300/5208) p l a t e s  w e r e  each burned 
with  a propane flame a f t e r  which t h e  remaining f i b r o u s  material 
w a s  destroyed with  an explosive  b l a s t .  The e n t i r e  test was conduct- 
ed i n  a 4.57 m x 4.57 m t en t - l i ke  enclosure  wi th  1 nm mesh sc reen  
s i d e s  and top, Instrumentation devices,  both pass ive  and a c t i v e ,  
w e r e  placed throughout t he  enclosure  to  monitor t h e  f i b e r s  released- 
The t h r e e  CTS burn-explode tests served w e l l  as prepara t ion  f o r  t h e  
subsequent outdoor burn-explode tests a t  China Lake. 
NWC tests 4,  5, and 6 were outdoor near-duplicates df CTS 1, 
2, and 3, although test  condi t ions  were not  repeated exact ly .  
Tes t  7, not  l i s t e d  i n  Table 111, w a s  only a "dry runw which involved 
no fire. T e s t s  8, 9 ,  and 10 u t i l i z e d  po r t i ons  of  composite barrels 
as test specimens, ~ i t h  test 8 using a "hotw propane flame as t h e  
f i r e  sourss, ar-d tests Q and 10 using a JP-5 j e t  f u e l  pool fire. 
T e s t s  11 and 1 3  provided w e n  more rea l i sm i n  s imulat ing a i r c r a f t  
crash f i r e s  since t he  test s2ecimens were prototype carbon composite 
a i r c r a f t  p a r t s  (737 s p o i l e r s  at*? an F-16 fuse lage  sec t ion ,  respect-  
i ve ly ) .  T e s t  1.2 deviated from reaxism, a t  least from the stand- 
po in t  of c i v i l i a n  a i r c r a f t  c rash  f i r e s ,  by using an explosion to 
destroy and disperse  the burned fiter r e s idue  from t e s t  11. 
However, the f a i l ~ r e  to  execute t h e  explosive  phase o f  the test 
as planned (the explosive  force was d s d i r e c t e d )  minimized t h e  
c r e d i b i l i t y  of the r e s u l t s  of t h a t  test. 
F iber  Detection and Col lec t ion  Methods 
The Nm: - China Lake test series u t i l i z e d  a number o f  proven 
and unproven techniques f o r  de t ec t ing  and c o l l e c t i n g  f i re - re leased  
carbon f ibe r s .  The techniques w e r e  separated roughly i n t o  pass ive  
and aative categories- Passive ins t rumentat ion w a s  of  several 
genera l  types. "St ick r was a material, e i t h e r  paper or 
clear p l a s t i c  f i lm,  w ~ c h  =% a a tacky adhesive coa t ing  on one 
side- This  material, .rich was u t i l i z e d  as 0.2 m x -25  m shee t s ,  
0.15 RI by 2.45 m s t r i p s ,  and 0.15 m x 6 1  m rolls,  collected and 
r e t a ined  f a l l i n g  carbon f i b e r s  when they f e l l  on to  t h e  ws t i cky*  
paper l a i d  o u t  on the ground or f l o o r -  Br ida l  veil w a s  a f i n e  
--
nylon n e t t i n g  wi th  one-millimeter mesh s i z e -  It was mounted ver t -  
i c a l l y ,  normal t o  t h e  ho r i zon ta l  flow of air ,  to catch and r e t a i n  
fibers i n  the flow of air. The mesh w a s  coated l i g h t l y  wi th  an 
adhesive a f t e r  being mounted on a frame, Among the frames used 
w e r e  'tuna cans' ( shor t ,  wide c y l i n d r i c a l  cans  wi th  both ends  
removed), 0.20 x .24  m vngraph frames, and 2.75 m x 3.0 m wooden 
frames. Mi l l ipore  vacuum f i l t e r s  to sample the air were used f o r  
e a r l y  tests, bu t  they genera l ly  proved t o  be unsa t i s f ac to ry -  
Re la t ive ly  larqe f r a w e n t s  of f i b rous  carbon r e s idues  were 
col lected-by s i m p l e  manual pick-up, no t  only  i n  the immediate 
v i c i n i t y  of t he  f i r e  tests, b u t  also a t  d i s t ances  of  up to near ly  
two ki lometers  f o r  tests 10, 11, and 13. 
- 
Several  a c t i v e  types of  f i b e r  d e t e c t i o n  and counting devices  
were used i n  t h e  NWC - China Lake test program. The LED device  
-
w a s  a l i g h t  emi t t ing  diode source/detector  instrument which meas- 
ured tEe n&-er rate zf f i b e r s  passing through its beam f o r  low- 
l e v e l  carbon f i b e r  clouds,  a t  ranges of 23 and 9 1  meters. H i c r o -  
wave -sensors  w e r e  developed s p e c i f i c a l l y  to measure t h e  mass f l u x  
of c l u s t e r s  and clumps of f i b e r s ,  as w e l l  as dense clouds of s i n ~ l e  
f ibers .  B a l l  -gauge devices,  3.8 c m  diameter b ra s s  spheres  
charged with  high vol tage e l e c t r i c i t y  which w e r e  discharged by 
t h e  c l o s e  approach of s i n g l e  carbon f i b e r s ,  no t  only  counted t h e  
f i b e r s ,  bu t  a l s o  ind ica ted  t h e i r  lengths ,  A LADAR ( l a s e r  de t ec t ion  
and ranging) system meastlred t h e  r e l a t i v e  d i s t r i b u t i o n  i n  space of 
- 
p a r t r c u l a t e  clood d e n s i t i e s  a t  success ive  t i m e s .  I n f r a r ed  imagine 
systems were used t o  t r ack  the trajectories of h o t  p a r t i c u l a t e  
matter wi th in  t h e  f i r e  plume and carbon f i b e r  cloud envelopes. 
While pass ive  instrumentation supplied most of t h e  f i b e r  codqt, 
the  a c t i v e  instrumentation contr ibuted a vaiuable  time history of 
f i b e r  release - 
T e s t  Results  
A summary of t he  NWC - China Lake t e s t  r e s u l t s  r e l a t i n g  t o  t h e  
q u a n t i t i e s  of fibers re leased  i s  given i n  Table I V ,  while complete 
test r e s u l t s  can ba obtained from re fe rence  10. Hot a l l  of the 
tests were a n a l y ~ e d  for carbon fiber release, due to the lertqthy 
t imes and g r e a t  expense f o r  counting f i b e r s ,  However, the tharaugrt 
ana lys i s  of  tests 3, 5, 8, 11, and 13  w a s  an adequate representa-  
t i o n  of t h e  d i f f e r e n t  types of test  specimens and condi t ions ,  
The amounts of  s i n g l e  carbon f i b e r s  by mass from burn/explode 
tests 3 (CTS) and 5 (NWC) were i n  close agreement (0.010% and 0.608% 
re spec t ive ly ) ,  i nd i ca t ing  t h e  t e s t i n g  and counting techniques were 
reproducible,  time-mr, those arnomts of single fibers aver 1 nm 
long were much, much lower than the amounts obtafned from t h e  
burn/explode tests of propane-burned f l a t  composite plates i n  the 
confined chamber a t  Dahlgren. For example, one t y p i c a l  test i n  
the Dahlgren burn-explode series re leased  1.78% o f  the in i t ia l  
carbon fiber presen t  i n  the composite p l a t e  as s i n g l e  f i b e r s ,  or 
more than 200 times t h e  q u a n t i t i e s  from t h e  CTS-3 and NWC-S tests. 
PSWC-8, involving the propane b u n  p l u s  explosion of a l a r g e  barrel 
specimen, r e s u l t e d  i n  an equa l ly  small d e t e c t a b l e  release of s i n g l e  
carbon f ibe r s .  Huwever, when l a r g e  composite samples ( the three 
s p o i l e r s  of test 11 and t h e  cockpi t  fuse lage  s e c t i o n  of  test 13) 
w e r e  burned only (no explosive  s t e p )  i n  large j e t - fue l  pool f i r e s ,  
t h e  masses o f  s i n g l e  carbon f i b e r s  re leased  w e r e  n o t  too much less 
(0.00036 and O.O002%, respec t ive ly)  than w e r e  obta ined from t w o  o f  
t h e  propane burn-only tests (0.0008% and 0.0005%) conducted on 
small samples of t he  same kinds of  s p o i l e r s  i n  t h e  confined Dahlgren 
chantber (see Table 11, t h i s  r epo r t ,  or r e f ,  6) .  
It w a s  conceded genera l ly  t h a t  the low amounts of  s i n g l e  
f i b e r s  i n  the N K  - China Lake outdoor tests probably r e s u l t e d  
from inadequate sampling procedures. Cer ta in ly ,  i n  t h e  case o f  
t h e  burn p lus  explode tests, t h e  carbon f i b e r s  could have been 
propelled to such he igh ts  t h a t  the r e s u l t i n g  clouds of  carbon 
f i b e r s  would have d r i f t e d  w e l l  p a s t  t h e  l i m i t  of ins t rumentat ion 
before  t h e  f i b e r s  s e t t l e d ,  and t h e  acounts re leased  based on t h e  
amounts sampled should have been inord ina te ly  low. I n  t h e  case of 
test  11, t h e  massive smoke plume from t h e  f i r e  w a s  es t imated to  
have exceeded 1000 meters i n  height ,  s o  it is most l i k e l y  t h a t  a 
g r e a t  proport ion of t h e  s i n g l e  f i b e r s  d r i f t e d  w e l l  p a s t  t h e  i n s t r u -  
mentation l i m i t  (2000 meters), s i n c e  even s i n g l e  p ly  s t r i p s  of  
f i b rous  matter were t ranspor ted t o  2000 meters. 
I n  s p i t e  of t h e  unce r t a in t i e s  i n  t he  masses of f i b e r s  r e l ea sed  
i n  t h e  NWC - China Lake tests, t h a t  test series w a s  inva luab le  t o  
t he  TRW test personnel, a s  w e l l  as t o  t he  NASA i nves t iga to r s ,  f o r  
planning the  large-scale ,  outdoor dissemination and source  f i r e  
tests conducted by TRW f o r  NASA a t  t h e  U.S. Army's Dugway Proving 
Ground, Utah ( r e f .  12-16). Much of the  experience gained i n  t h e  
conduct of t h e  pocl  f i r e s  and i n  the sampling of t he  carbon f i b e r  
f a l l - o u t  w a s  b e n e f i c i a l  i n  s e t t i n g  up the  Dugway tests. The rela- 
t i v e l y  small  (27.5-meter square)  Jacob's  ladder  used a t  China Lake 
f o r  I-lounting b r i d a l  v e i l  vugraph f i b e r  collectors w a s  expanded t o  
a 305-meter square  Jacob's ladder  used so succes s fu l ly  i n  the 
Dugway tests to  sample t h e  e n t i r e  f i r e  plume, The experience gained 
i n  the lay-out and c o l l e c t i o n  of pass ive  ins t rumentat ion dev ices  
( s t i cky  paper and b r i d a l  v e i l )  r e s u l t e d  i n  t h e  smooth, r ap id  
execution of t h e  same ta sks  dur ing t h e  Dugway tests. 
The NWC - China Lake series w a s  success fu l  i n  e v e r a l  more 
d i r e c t  ways. The length  s p e c t r a  of the carbon f i b e r s  generated 
from the  burning carbon composites i n  l a rge ,  j e t - f u e l  f i r e s  con- 
firmed the su rp r i s ing ly  s h o r t  lengths  of f i b e r s  r e l ea sed  from 
small-scale, gas-f i red labora tory  composite burn tests, Furthermore, 
t h e  observation that many of  the f i b e r s  released from t h e  burning 
of a c t u a l  composite a i r c r a f t  p a r t s  ( t e s t  11 s p o i l e r s  and test 1 3  
cockpi t  s ec t ion )  had been reduced s i g n i f i c a n t l y  i n  diameter (see 
a later s e c t i o n  of this paper on f i b e r  d iameters)  l e d  to  a more 
in t ens ive  study of the generat ion of  smal l  diameter f i b e r s  ( r e f -  
erence 221, A l s o ,  t h e  a b i l i t y  to  conduct large-scale  fire Oes t s  i n  
an unconfined environment wi th  la rge ,  thin-skinned composite air- 
c r a f t  p a r t s  demonstrated that s u b s t a n t i a l  q u a n t i t i e s  of f i b r o u s  
forms o t h e r  than s i n g l e  f i b e r s  ( f i g u r e  1) were generated from l a rge ,  
realistic f u e l  f i r e s .  Although such forms r ep re sen t  less seve re  
and s h o r t e r  range electrical threats, i n v e s t i g a t o r s  w e r e  no t  
aware, p r i o r  t o  t h e  China Lake tests, t h a t  those  spec i e s  could be  
l o f t e d  to  such considerable  d i s t ances  (2000 meters or more), And 
f i n a l l y ,  t h e  mass balances  f o r  the large-scale  f i r e  tests, whi le  
inadequate t o  de f ine  accura te ly  t h e  e x t e n t  of s i n g l e  f i b e r  release, 
d id  confirm a growing suspic ion t h a t  a s u b s t a n t i a l  amount o f  carbon 
f i b e r  mass can be  completely consumed by oxii lat ion (see Table IV), 
thus  diminishing t h e  r i s k  of electrical damages. 
Dahlgren Shock Tube Demonstration Tes t s  
V i r tua l ly  a l l  of t h e  equipment v u l n e r a b i l i t y  tests f o r  t h e  
carbon f i b e r  r i s k  program were performed i n  r e l a t i v e l y  smal l ,  
confined test chambers. The test method (see re fe rence  23, f o r  
example) general ly  involved exposing e l e c t r i c a l  equipment to 
q u a n t i t i e s  of v i r g i n  (unused) carbon f i b e r s ,  a l l  c u t  to  near  iden t -  
ical lengths. A p e r s i s t e n t  quest ion throughout t h e  program w a s  
j u s t  how represen ta t ive  those  c lean  carbon f i b e r s  w e r e  of t h e  
f i b e r s  which would be re leased  from carbon composites burning i n  a 
f i r e  of jet f u e l ,  as would cccur i n  c i v i l i a n  a i r c r a f t  crashes .  Not 
only would the  f i r e - r e l ea sed  f i b e r s  vary i n  length,  b u t  also t h e  
soot, o i l  fumes, and water vapor and o the r  combustion products  could 
conceivably contaminate t h e  f i b e r s .  As a r e s u l t ,  the e l e c t r i c a l  
c h a r a c t e r i s t i c s  of f i re - re leased  carbon f i b e r s  could be  envisioned 
t o  d i f f e r  markedly from those o f  v i r g i n  carbon f i b e r s .  
To study t h a t  p o s s i b i l i t y ,  a test w a s  developed which involved 
the  burning of composites i n  a moderate-sized Jet A (JP-l)  f u e l  
f i r e  i n  a l a rge  steel tube a t  tl-e Naval Surface Weapons Center ,  
Dahlgren, VA. A t  a po in t  i n  a long, ho r i zon ta l  s t e e l  tube where 
t h e  diameter w a s  4.6 meters, a quan t i t y  of  s m a l l  p i eces  of carbon 
fiber-epoxy composites w a s  burned i n  a r o t a t i n g  w i r e  basket over  a 
1.5 square  meter pool fire, u n t i l  a l l  of  the composite had been 
burned away. During the 2-1/4 hours o f  the f i r e ,  t h e  smoke plume 
car ry ing  re leased  carbon f i b e r s  w a s  pu l l ed  through a 275-meter long 
s e c t i o n  of t h e  tube by up to s i x  l a r g e  f ans  a t  t h e  exi t  end of t h e  
shock tube. The f i b e r s  i n  t h e  smoke plume w e r e  c a r r i e d  p a s t  s i x  
i d e n t i c a l  fan-cooled, operat ing,  stereo ampl i f i e r s  wi th  known vul- 
n e r a b i l i t y  l e v e l s  ( t o  v i r g i n  f i b e r s ) .  The smoke plume then passed 
through a w a t e r  fog to scrub  o u t  the carbon f i b e r s  p r i o r  to e x i t i n g  
the tube. Complete d e t a i l s  of  t h e  conduct of  a l l  t h e  Dahlgren 
shock tube tests and t h e  test r e s u l t s  are repor ted  i n  r e f e rence  11. 
However, i n  summary, t h e  stereo ampl i f i e r s  f a i l e d  very close to the 
expected f i b e r  exposure l e v e l s  which had been p red ic t ed  on t h e  
b a s i s  of tests with  v i r g i n  carbon f i b e r s  wi th  a uniform length  
spectrum* 
I n  add i t i on  t o  demonstrating t h e  s u i t a b i l i t y  o f  c l e a n  carbon 
f i b e r s  f o r  s imulat ing the v u l n e r a b i l i t y  of  electrical equipment t o  
f i re - re leased  f i b e r s ,  t h e  shock tube test also provided a quant i t a -  
t i v e  check on f i b e r  release values  from burning composites i n  an  
au then t i c  jet f u e l  f i r e ,  A to ta l  release, as s i n g l e  f i b e r s ,  of  
C.7S% of t h e  m a s s  of carbon f i b e r  i n i t i a l l y  p re sen t  i n  the burned 
composites w a s  measured. This number was a close check on the 1% 
s i n g l e  f i b e r  release value used i n  t h e  r i s k  computations f o r  f i r e -  
only crash events.  Even the  0.75% release w a s  probably very con- 
s e r v a t i v e  (over-estimated the  hazard) ,  s i n c e  no t  only w a s  the 
burning composite a g i t a t e d  severely  i n  3 r o t a t i n g  baske t  over t h e  
f i r e ,  bu t  also the  composites w e r e  d ivided i n t o  very small p i eces  
(which would pramote f i b e r  release from t h e  edges) and t h e  f i r e  
durat ion of 2-1/4 hours w a s  excess ive  f o r  m o s t  a i r c r a f t  c rash  f i r e s .  
Dugway Proving Ground Source and Dissemination T e s t s  
A series of large-scale  av i a t i on  jet f u e l  f i r e  tests w e r e  
conducted a t  the  U.S. Army's Dugway Proving Ground, UT. Two of t h e  
t e s t s , c a l l e d  "source" tests, w e r e  designed s p e c i f i c a l l y  to de te r -  
mine t h e  amounts of carbon f i b e r s  given o f f  dur ing t h e  burning of  
r e l a t i v e l y  l a rge  amounts of carbon composite ma te r i a l  i n  outdoor 
av i a t i on  jet f u e l  f i r e s  of  such s i z e  as t o  be r ep re sen ta t ive  of 
commercial a i r c r a f t  c rash  f i r e s  over t he  p a s t  t e n  years .  Three 
o the r  tests were designed t o  provide experimental  d a t a  regarding 
t h e  predic ted d i spers ion  of f i b e r s  i n t o  t h e  environment, al though 
t h e s e  "dissemination" tests a l s o  suppl ied information about t h e  
q u a n t i t i e s  of f i b e r s  re leased  from t h e  f i r e s .  
These large-scale  outdoor tests, which a r e  repor ted i n  d e t a i l  
i n  references  12-16, c a p i t a l i z e d  upon t h e  e a r l i e r  experience 
acquired from t h e  TRW outdoor t e s t s  conducted a t  China Lake. As 
has been pointed o u t  i n  t h i s  r e p o r t ,  t he  favorable  performance of 
27.5-meter square Jacob's  ladder  used f o r  t h e  mounting of v e r t i c a l  
sampling devices j u s t i f i e d  t h e  development of  a much larger Jacob 's  
ladder  (305-meter square)  f o r  use  i n  t h e  Dugway disseminat ion tests, 
That l a r g e r  Jacob's  ladder,  t s g e t h e r  wi th  improved active and 
pass ive  sampling devices  and more extens ive  and d i s t a n t  d e p c l i t i o n  
f i b e r  collectors, r e s u l t e d  i n  a much more conf iden t  assessment of  
t h e  e x t e n t  of f i b e r  dissemination,  
The two source tests were 10.7-meter diameter f i r e s  wi th  3000 
ga l lons  of  JP-4 jet  fuel .  Each f i r e  burned f o r  1200 seconds, be- 
neath a steel lnesh t a b l e  on which w e r e  placed 45-kilogram q u a n t i t i e s  
of  carbon-epoxy composite materials. Because the source  tests w e r e  
conducted i n  e s s e n t i a l l y  zero speed wind condi t ions ,  the smoke 
plume conta in ing  re leased  carbon f i b e r s  rose d i r e c t l y  overhead, 
Four 60-meter towers supported an overhead a r r a y  of numerous s t a i n -  
less steel c a n i s t e r s  wi th  s t a i n l e s s  steel mesh to f i l t e r  o u t  carbon 
f i b e r s ,  as t h e  smoke plume passed through the a r r a y  of samplers at 
an a l t i t u d e  of  40 meters. 
The t h r e e  dissemination tests u t i l i z e d  t h e  same types  o f  f i r e s  
and composite sample arrangements as t h e  source  tests, b u t  t h e  wind 
condi t ions  were requi red  t o  be approximately 5 meters pe r  second 
(10 n a u t i c a l  miles per  hour) and from a wind d i r e c t i o n  of 320' 535'. 
These condi t ions  w e r e  appropr ia te  t o  d i r e c t  the smoke plume from a 
f i r e  through t h e  Jacob's  ladder ,  which contained a v a r i e t y  of 
sampling devices. Of t h e  t h r e e  dissemination tests, the smoke 
plumes f o r  t w o  of them (D-1 and D-2). w e r e  only p a r t i a l l y  i n t e r cep t -  
ed by t h e  Jacob's  ladder  samplers, while t h e  D-3 plume w a s  cen te red  
on t h e  ne t ,  The r e s u l t s  of  t h e  f i v e  tests are presented i n  Table V, 
The q u a n t i t i e s  of f i b e r s  re leased ,  i n  terms of percentage of t o t a l  
mass of carbon f i b e r  i n i t i a l l y  p resen t  i n  t h e  burned composites, 
a r e  q u i t e  cons i s t en t ,  consider ing t h e  d i f f e r ences  i n  wind condi t ions  
between t h e  source and dissemination tests. A poss ib l e  reason f o r  
t h e  lower r e l e a s e  from test  D-3 compared t o  D - 1  and D-2 may be due 
to the  types  of composite specimens burned. The p ieces  i n  test D-3 
were fewer and much heavier  than those  used f o r  D-1 and D-2. 
Although t h e  r e l e a s e  of up t o  0.23% s i n g l e  f i b e r s  i n  t h e  Dugway 
tests w a s  somewhat higher than the  corresponding releases f o r  
burn only laboratory tests, t h e  amounts w e r e  no t  s u r p r i s i n g l y  higher  
when the  d i f f e r ences  i n  f i r e  and sample s i z e s ,  f u e l  types ,  and wind 
condi t ions  a r e  considered, 
CHARACTERISTICS OF FIRE-RELEASED FIBERS 
During t h e  e a r l y  years  of t h e  carbon f i b e r  s tudy,  v u l n e r a b i l i t y  
tests w e r e  performed on electrical and e l e c t r o n i c  equipment us ing 
v i r g i n  carbon f i b e r s  c u t  i n t o  lengths  ranging from 5 t o  10 m i l l i -  
pe ters .  Those leng ths  were se l ec t ed  f o r  reasons having no bear ing 
to the  t r u e  lengths  of f i b e r s  a c t u a l l y  re leased  from burning carbon 
composites. A s  NASA's program t o  determine the  q u a n t i t i e s  of carbon 
f i b e r s  re leased from burning composites g o t  under way, information 
about the  c h a r a c t e r i s t i c s  of those f i b e r s  became ava i lab le .  That 
information w a s  t o  have a considerable  i m p a c t  on t h e  magnitude of 
+&e electrical hazards of carbon f ibe r s .  
F iber  Oxidation 
Early opinions  w e r e  t h a t  carbon f i b e r s  would be v i r t u a l l y  non- 
d e s t r u c t i b l e  i n  f i r e s  with peak temperatures i n  t h e  range of 1800- 
2200' F, C r a p l ~ i t i c  materials are known t o  be extremely r e s i s t a n t  
t o  oxidatiolr a t  much higher temperatures, and carbon f i b e r s  have 
been loosely  equated with  g raph i t e  f i b e r s ,  Hawever, the assumptions 
t h a t  carbon f i b e r s  are t h e  same as g raph i t e  f i b e r s  and thus  cannot 
be burned up were erroneous. Not only are the high ~ u l u s  (50-75 
mi l l i on  p s i )  types  of carbon f i b e r s  (o f ten  r e f e r r e d  to  as "graphi te"  
f i b e r s )  f a r  from being t r u e  graphi te ,  b u t  also t h e  medium modulus 
(30-35 mi l l i on  p s i )  carbon f i b e r s  genera l ly  used i n  composites a t  
t h e  present  time undoubtedly have less ordered s t r u c t u r e s  than do  
t h e  high modulus v a r i e t i e s .  Consequently, they are much less. 
r e s i s t a n t  to  oxida t ion  i n  f i r e s  than are t h e  high modulus f i b e r s ,  
t o  say nothing of  t r u e  g raph i t e  f i be r s .  It soon bezance apparent  
t h a t  some unknown but  s u b s t a n t i a l  por t ion  of  carbon f i b e r s  exposed 
t o  f i r e s  could be consumed by oxidat ion,  providing the f i r e  temper- 
a t u r e s  were s u f f i c i e n t l y  high,  enough a i r  w a s  p resen t ,  and/or t h e  
composite was burned f o r  an adequate per iod of t i m e .  Ear ly  compo- 
s i te  burn/explode t e s t s  i n  the Dahlgren tes t  chamber must have been 
too  mild i n  terms of t h e  above requirements f o r  s i g n i f i c a n t  f i b e r  
oxidat ion t o  have occurred, bu t  l a t e r  laboratory tests ( r e f ,  7)  
demonstrated c l e a r l y  t h a t  large proport ions  of  carbon f i b e r s  could 
be burned away, i f  the above f i r e  condi t ions  were m e t .  Massive 
oxidat ion of carbon f i b e r s  was a l s o  bel ieved t o  have been respon- 
sible f o r  a l a r g e  amount of carbon f i b e r  l o s s  during t h e  burning 
3f an experimental composite a i r c r a f t  cockpi t  s e c t i o n  i n  a l a r g e  
outdoor jet f u e l  f i r e  ( re f .  10).  However, abso lu te  proof w a s  lack- 
i n s  s ince  f i b e r  c o l l e c t i o n  methods durLnq t h e  China Lake tests were 
considered inadequate. The ex i s t ence  of flame temperatures 
( t o  1500 K o r  2250' F) and oxygen concentra t ions  s u f f i c i e n t l y  high 
t o  b r ing  about s u b s t a n t i a l  carbon f i b e r  oxidat ion,  were determined 
i n  t he  NASA-White Sands experimental jet f u e l  f i r e  tests ( r e f .  171, 
discussed l a t e r .  
The f a c t  t h a t  t h e r e  a r e  marked d i f f e r ences  i n  t h e  inheren t  
thermal s t a b i l i t i e s  of d i f f e r e n t  types of carbon f i b e r s  was demon- 
s t r a t e d  ( r e f .  6 )  i n  a s t r i k i n g  fashion when a 0.45 kilogram spool  
of 30+ mi l l i on  p s i  modulus carbon f i b e r ,  a f t e r  being burned f o r  20 
minutes wi th  a propane flame, continued t o  smolder a f t e r  removal of 
t h e  flame u n t i l  more than 90% of the  mass of f i b e r  had been con- 
sumed. Similar  treatment of iz 50+ mi l l i on  p s i  modulus f i b e r  l e d  
t o  self-extinguishment of the  f i r e  when t h e  flame source was 
removed, wi th  t he  resu3t;zt Local consumption of a neg l ig ib l e  amount 
of f i b e r  mass by oxidation.  
Since almost a l l  of the carbon f i b e r  used new, and expected to  
be used i n  the fu ture ,  in c i v i l i a n  aircraft composite s t r u c t u r e s  is 
of  the Iliadim (30-35 w i l l i o n  ps i )  modulus type,  most of  t h e  f i b e r  
release t e s t i n g  was done with  composite b u i l t  from the two most 
cornanon f i b e r s  p resen t ly  i n  use (T300 and AS) . Therefore, the con- 
c lu s ions  i n  this r e p o r t  about t h e  phys ica l  c h a r a c t e r i s t i c s  of  f i r e -  
released f i b e r s  may be v a l i d  only f o r  medium modulus f i b e r  composites. 
The amount of  oxidat ion,  the f i b e r  l eng ths  and diameters,  and perhaps 
even tht weight percentages and numbers of released f i b e r s  frcm 
burned cosaposites from high m d u l u s  carbon f i b e r s  may be a t  var iance  
wi th  the r e s u l t s  of  t h i s  repor t .  
There may w e l l  be d i f f e r ences  i n  the thermal behavior o f  
d i f f e r e n t  makes of f i b e r s  o f  t h e  same genera l  class Csueh as t h e  
medium modulus class) and even between new and old vers ions  o f  t h e  
same fiber from t h e  same manufacturer, depending upon the amounts 
of impur i t i es  present-  It has been known that the thermal durabili- 
t y  of carbon fibers at 588 K (3150C) w a s  h ighly  dependent upon the 
sodium impurity: t h e  g r e a t e r  t h e  sodium conten t ,  the g r e a t e r  t h e  
weight loss (ref .  24 1 . Indeed, independent proposals  to  e l imina t e  
t h e  electrical r i s k s  from carbon f i b e r s  r e l ea sed  from burning 
composites have been based on t h e  concept of adding c e r t a i n  metallic 
i o n  impur i t i es  to  t h e  f i b e r s  t o  ca ta lyze ,  or promote, t h e i r  complete 
ox ida t ive  consumption i n  f i r e s  ( r e f ,  25, 26) .  This impurity-cataly- 
sis e f f e c t  w a s  used t o  exp la in  some earlier anomalous test d a t a ,  and 
t h e  report a l s o  emphasized the  importance of t h e  state of carbon 
f i b e r  p u r i t y  on t h e  u l t imate  phys ica l  dimensions of  f i r e - r e l ea sed  
f i b e r s  ( re f .  22) .  
Fiber  Lengths 
The e a r l y  r e a l i z a t i o n  t h a t  carbon f i b e r s  re leased  from burning 
composites were much s h o r t e r  than had been expected w a s  welcomed. 
That f inding i n f e r r e d  a lessening of t he  p o s s i b i l i t y  t h a t  t h e  f i b e r s  
would cause electrical problems, s ince  it w a s  genera l ly  agreed t h a t  
s h o r t  f i b e r s  could br idge f a r  fewer e l e c t r i c a l  gaps than could 
long f ibe r s .  I n i t i a l l y ,  re leased  carbon f i b e r s  w e r e  counted only 
when they w e r e  over one m i l l i m e t e r  i n  length,  s i n c e  t h a t  l eng th  was 
agreed upon as t h e  lowest f i b e r  length which might cause electrical 
problems, and the re  had t o  be some l i m i t a t i o n  on t h e  amount of 
t e s t i n g  of t h e  v u l n e r a b i l i t y  of electrical equipment. A summary of 
t h e  length ca tegor ies  (over 1 mm) r e s u l t i n g  from a l a r g e  number of 
f i b e r  release tests are given i n  Figure 11 and it is apparent  t h a t  
t h e  g r e a t e s t  number, from one-half t o  three-quar ters  of those  
re leased,  f e l l  i n  t he  1-2 mm length range. With very few exceptions, 
the  mean lengths  f o r  f i b e r s  re leased  i n  tests w e r e  less than 3 
m i l l i m e t e r s .  
I t  was not  u n t i l  w e l l  i n t o  t he  r i s k  ana lys i s  program t h a t  it 
w a s  found t h a t  t he  l a rge  major i ty  of f i r e - r e l ea sed  carbon f i b e r s  
were s h o r t e r  than one mi l l imete r ,  a f a c t  t h a t  diminished even 
f u r t h e r  the numbers o f  electrical gaps or c i r c u i t s  t h a t  could be 
a f f ec t ed  (Table V I )  . The proport ions  of those  f i be ru  under one 
millimeter ranged as high as 87-98% of  t h e  m a s s  of  f i b e r  re leased  
-f o r  composites which were n o t  only burned b u t  a l s o  destroyed by 
an explosion (Tests  CTS-1, -2, and -3, r e f  121, b u t  w e r e  more 
r e a l i s t i c a l l y  from 67-74% of t h e  f i b e r  mass f o r  composites which 
-
w e r e  burned (Test  BT-244 and DL-39) with  no subsequent d e s t r u c t i v e  
force  being appl ied to  the f i b rous  r e s idue  ( r e f .  6 ) .  Disturbing 
the  f i b rous  res idue wi th  a moderate flow of a i r  (tests AF-4 and AF- 
6 )  re leased  somewhat longer f i b e r s ,  b u t  t h e  major i ty  were s t i l l  
less than 1 mil l imeter  i n  length,  Even more dramatic w a s  the f a c t  
t h a t  i n  a l l  cases, more than 90% of  the numbers o f  f i b e r s  w e r e  
s h o r t e r  than 1 mm., and there fore ,  v i r t u a l l y  harmless i n  an  
electrical sense. 
The inheren t  tendency of s ta te-of- the-ar t  carbon f i b e r s  to  be 
emitted i n  such s h o r t  lengths  may be due t o  t h e  p r e f e r e n t i a l ,  r ap id  
oxidat ion of numerous sites along t h e  length of  t h e  f i b e r .  One 
study ( re f .  22) showed, via scanning e l e c t r o n  microscopy, t h a t  
l a rge  numbers of developing p i t s  and flaws are p re sen t  i n  p a r t i a l l y  
oxidized carbon f i b e r s  ( f i g u r e  12); such flaws could be generated 
a t  sites with  r e l a t i v e l y  high concentra t ions  of metallic ion  
i q u r i 5 e s  (e.g., sodium) which could have been entrapped wi th in  
t he  a c r y l i c  precursor t o  t h e  carbon f i b e r s .  
F iber  Diameters 
The process of oxidat ion of carbon f i b e r s  not  only  l ed  t o  a 
majori ty of s h o r t  f i b e r s  and complete consumption of much of t h e  
f ib rous  ma te r i a l  i n  t h e  f i r e ,  b u t  w a s  a l s o  expected to  lead  t o  a 
c e r t a i n  amount of incompletely oxidized f i b e r s  which would be  
apparent by t h e i r  reduced diameters. The burning of a c t u a l  compo- 
s i t e  s t r u c t u r a l  p a r t s  i n  l a r g e  jet f u e l  f i r e s  i n  t h e  China Lake 
t e s t  s e r i e s  confirmed t h a t  expecta t ion ( r e f ,  10) .  Those s t r u c t u r a l  
p a r t s  which showed a reduct ion i n  diameter,  t y p i f i e d  by t h e  s p o i l e r  
i n  f i g u r e  13,  had r e l a t i v e l y  t n i n  composite sk ins .  I n  c o n t r a s t ,  the 
6.4-mm t h i ck  composite p l a t e  burned wi th  a propane flame i n  test  
CTS-3 r e su l t ed  i n  very l i t t l e  f i b e r  diameter reduct ion compared t o  
the s p o i l e r  f i be r s .  However, f l a t ,  3 , 2  mm t h i c k  composite p l a t e s  
burned with propane and exposed t o  a steady 15 m/sec (30 knot)  flow 
of a i r  re leased  f i b e r s  with even smal ler  diameters,  about 2 microns, 
versus the  o r i g i n a l  7.5 t o  8 micron diameters ( see f i g u r e  14). 
Therefore, it must be concluded t h a t  given t h e  proper f i r e  condi t ions ,  
t h a t  i s ,  s u i t a b l y  high temperatures (1800' F o r  more) and a v a i l a b l e  
a i r  supply t o  the  flame, carbon f i b e r s  can be oxidized e a s i l y  e i t h e r  
completely o r  t o  very f i n e  f i b e r s ,  
P o t e n t i a l l y  Respirable F ibers  
The p o s s i b i l i t y  of formation of carbcn f i b e r s  wi th  such smal l  
dimensions a s  t o  be r e s p i r a b l e  by humans, wi th  some as y e t  non- 
e x i s t e n t  h-rmful physiological  e f f e c t s  the  r e s u l t ,  r a i s e d  a concern 
beyond the poten t i a l  f o r  electrical damages frgm the use of  carbon 
f i b e r  composites i n  c i v i l i a n  aircraft. Under the Intergovernment 
Committee Action Plan, t h e  National  Institute f o r  Occupational 
Safety  and Health (NIOSH), on behalf  of the U.S.  Public Health 
Service,  w a s  ass igned the r e s p o n s i b i l i t y  f o r  a s se s s ing  any f u t u r e  
hea l th  impl icat ions  r e l a t i n g  t o  the carbon f i b e r  study. However, 
s i n c e  NASA had done most of  the fire-induced f i b e r  release t e s t i n g ,  
it w a s  appropr ia te  f o r  NASA to be atare o f  t h e  generat ion o f  any 
f i b z ~  U c h  would be of  i n t e r e s t  to  NIOSH. 
Exploratory work a t  Langley (ref. 20) shotred t h a t  a t  least a 
small amount (-9) of  the total number of  s i n g l e  carbon fibers 
co l l ec t ed  fro= a jet f u e l  burn of composites w e r e  of  such smal l  
dimensions as to  be p o t e n t i a l l y  r e sp i r ab l e ,  t h a t  is, with  diameters 
less than 3 micrometers (microns) and lengths  less than 80 microns. 
T a b l e  V I  lists 3 sepa ra t e  tests which produced s m a l l  amounts of 
such f ibers .  A con t r ac tua l  e f f o r t  w a s  then i n i t i a t e d  t o  better 
quant i fy  the amounts of  such s i z e d  carbon f i b e r s  which would be 
re leased  from var ious  composite fire events.  The r e s u l t s  o f  t h a t  
extensive  inves t iga t ion  ( r e f .  22)  e s t a b l i s h e d  t h e  f a c t  t h a t  under 
c e r t a i n  condi t ions ,  f o r  example, with r e l a t i v e l y  t h i n  compasites 
and/or a tu rbu len t  f i r e ,  s u b s t a n t i a l  numbers of  p o t e n t i s i l y  r e sp i r -  
able f i b e r s  ( i n  comparison t o  the numbers of f i b e r s  over one 
mil l imeter  i n  length)  could be emit ted from burning carbon composite 
a i r c r a f t  p a r t s  i n  jet f u e l  f i r e s .  The average s i z e s  w e r e  1.5 
microns i n  diameter and 30 microns i n  length.  The formation of  
f i b e r s  with smal l  diameters w a s  a t t r i b u t e d  no t  only to the  simple 
oxidation of fibers from t h e i r  o r i g i n a l  8 micron diameters, b u t  also 
to a " f i b r i l l a t i o n n  phenomenon involving t h e  mechanical s h a t t e r i n g  
of bri t t le ,  burned carbon f i b e r s  i n t o  smaller, th inner  fragments. 
Only one inves t iga t ion  of the e f f e c t s  of  carbon f i b e r s  on test 
animals is known t o  have been repor ted ( r e f .  27).  That work 
involved r e l a t i v e l y  s h o r t  t e r m  exposure of  guinea p igs  to carbon 
f i b e r  "dust" produced by mechanical abrasion.  Although t h e  concen- 
t r a t i o n s  of carbon f i b e r  p a r t i c l e s  were s u i t a b l y  high i n  comparison 
t o  asbestos  f i b e r  concentra t ions ,  very few of the p a r t i c l e s  which 
r e su l t ed  from t h e  mi l l i ng  a c t i o n  had the  r e q u i s i t e  dimensions t o  
be considered r e s p i r a b l e  (less than 3 microns diameters,  length-to- 
diameter r a t i o s  from 3: l  to  10:1, and lengths  less than 80 microns). 
Therefore, t h e  p o t e n t i a l  s h o r t  t e r m  e f f e c t s  should still be 
considered uncertain.  
In  t h e  absence of any evidence t h a t  carbon f i b e r s  of any s i z e  
could o r  could not ,  have adverse h e a l t h  e f f e c t s  on humans (except 
f o r  t h e  cutaneous a ' . lergic r eac t ions  s o  t y p i c a l  o f  many f ib rous  
substances) ,  comparisons were made t o  t he  q u a n t i t i e s  of concern i n  
the  case  of asbes tos  f i b e r s .  Using the  condi t ions  and some of t h e  
r e s u l t s  of one of t he  large-scale ,  outdoor composite burn tests a t  
Dugway Proving Ground as the  scenar io  f o r  a simulated,  extreme cz:e 
a i r c r a f t  c rash- f i re ,  a maximum concentra t ion of resp i rab le -s ized  
carbon f i b e r s  which was only  one-half the OSHA-allowable c e i l i n g  
c c n c e n t r a t i o n  f o r  a s b e s t o s  f i b e r s  w a s  computed. Furthermore, t h e  
t o t a l  exposure t o  those carbon f i b e r s  from t h e  a c c i d e n t a l  c x a s h - f i r e  
w a s  p r e d i c t e d  to  b e  less t h a n  0.01 the OSHA-allowable 8-hour 
exposure t o  a s b e s t o s  f i b e r s .  F i e l d  tests conducted by N I O S H  d u r i n g  
NASA's Dugway Proving Ground d i s semina t ion  tests confirmed t h e  very  
l o w  amounts of  very s m a l l  s i z e  carbon f i b e r s  which were r e l e a s e d  
by burning carbon composites i n  l a r g e  jet f u e l  pool  f i r e s  ( r e f .  1 4 ) .  
Those r e s u l t s  showed t h a t  t h e  mass of carbon f i b e r s  o f  p o t e n t i a l l y  
r e s p i r a b l e  s i z e  which were sampled w a s  more than  40 t i m e s  the mass 
o f  f i b e r s  which were of electrical concern (over  1 mm long) .  H w -  
e v e r ,  based on an  average exposure to r e s p i r a b l e - s i z e d  f i b e r s  f o r  
t h e  t h r e e  d i s semina t ion  f i e l d  tests of  0.04 x l o 6  f ibe r - seconds  
p e r  cub ic  meter, t h e  average c o n c e n t r a t i o n  of  those small f i b e r s  
was only  0.4% of  t h e  maximum a l lowable  by 0S.W i n  t h e  a s b e s t o s  
workplace. Furthermore, t h e  total  exposure to  t h e  s m a l l  f i b e r s  
over  t h e  20-minute d u r a t i o n  of  each test  w a s  less than  0.1% o f  t h e  
t o t a l  exposure to  a s b e s t o s  f i b e r s  which would be al lowed by OSHA 
f o r  an  8-hour day. 
O t h e r  F ibrous  Residues 
The g r e a t  m a j o r i t y  of t h e  f i b e r  r e l e a s e  s t u d i e s  was d i r e c t e d  
toward q u a n t i f y i n g  t h e  e x t e n t  of  s i n g l e  f i b e r  release. Likewise, 
v i r t u a l l y  a l l  of t h e  v u l n e r a b i l i t y  t e s t i n g  of e l e c t r i c a l  equipment 
was conducted wi th  s i n g l e  f i b e r s .  The g r e a t e s t  electrical t h r e a t  
was cons idered  to  b e  from s i n g l e  f i b e r s ,  s i n c e  they  would n o t  on ly  
b e  d i spe r sed  t o  t h e  g r e a t e s t  d i s t a n c e s ,  b u t  a l s o  would p e n e t r a t e  
i n t e r f a c e s  such a s  doors ,  f i l t e r s ,  and equipment c a s e s  easier than  
would o t h e r  types  of f i b e r  r e s i d u e s .  I n  a d d i t i o n ,  t h e  i n i t i a l  
f i b e r  count ing  procedure a t  t h e  Dugway Proving Ground was based on 
a s t a t i s t i c a l  technique  which was v a l i d  on ly  f o r  s i n g l e  f i b e r s .  
Never the less ,  a  number of o t h e r  forms of carbon f i b e r s ,  p i c t u r e d  
i n f i g u r e  1, were genera ted  by burning composites.  Laboratory 
t e s t s  which used t h e  r e l a t i v e l y  g e n t l e  gas  flame l e d  t o  a prepon- 
derance  of s i n g l e  f i b e r s .  The augmentation of  t h e  flame e f f e c t s  by 
d i s t u r b i n g  t h e  burning o r  burned composites w i t h  exp los ions ,  a i r  
flow, impact, o r  even f o r c e s  i n t e r n a l  t o  t h e  r e s i d u a l  f i b e r  
" b i s c u i t " ,  such a s  t w i s t i n g  and f l e x i n g  a c t i o n s ,  c r e a t e d  va ry ing  
amounts of c l u s t e r s  ( l i n t ) ,  s t r i p s ,  and fragments.  C l u s t e r s  of 
s e v e r a l  t o  hundreds of s i n g l e  f i b e r s  agglomerated t o g e t h e r  probably 
r e s u l t e d  from "snow-flaking" i n  t h e  a i r  from reg ions  of ext remely  
high f i b e r  concen t ra t ion .  The s t r i p s  of  f i b e r s  appeared t o  o r i g i n -  
a t e  from t h e  s e p a r a t i o n  of a r e a s  of s i n g l e  p l i e s  of  carbon f i b e r  
t a p e  i n  c r o s s p l i e d  laminates .  And t h e  f iaginents ,  which were much 
t h i c k e r  than  s t r i p s ,  were formed when s e v e r e  d i s t u r b i n g  f o r c e s  
(e .g. ,  exp los ions ,  a i r  b l a s t s ,  and impacts)  were a p p l i e d  to t h e  
burned-out composites.  
Laboratury f i r e  tests s u p p l i e d  on ly  a  l i m i t e d  amount of d z t a  
r e l a t i n g  t o  t h e  genera t ion  02 m u l t i - f i b e r  r e s i d u e s .  The r s s u l t s  of  
the burn/explode tests conducted i n  t h e  Dahlgren c'ramber ( re f .  4 ,  5) 
iecluded a very crude mass balance sepa ra t ing  r e s idues  i n t o  a hand 
pickup of l a r g e  fragments, a brom sweep of  s i n g l e  fibers, l i n t ,  
and smal l  fragments, and a vacuum f r a c t i o n  of  very smal l  partictes 
and carbon dust. The AVCO fire t e s t  data repor ted  i n  r e f e rence  7 
included s i n g l e  f i b e r s ,  l i n t ,  and occas iona l  very smal l  fragments 
which were t ranspor ted  by t h e  moderate a i r  flow through 2-3 meters 
of  the test chamber. And t h e  drop impact da t a  generated i n  t h e  
S c i e n t i f i c  Services,  f3c. test series (ref. 8)  included t h e  t o t a l  
fragments produced i n  add i t i on  to  the s i n g l e  f i b e r  e f f lux .  
The f i r s t  thorough inves t iga t ion  of  nc ' oxlly t h e  q u a n t i t i e s  af 
mult i - f iber  p a r t i c u l a t e  matter, b u t  a l s o  their d i s t ances  of dis- 
persion,  was performed by TRW f o r  t h e  China Lake test series (ref. 
10). Clus t e r s  of f i b e r s  accompanied the s i n g l e  f i b e r s  t o  t h e  extent 
of sampling (about 2000 meters), although both f i b e r  forms were 
very sparse a t  t h a t  d is tance.  S t r i p s  of f i b e r s ,  which w e r e  eesy 
t o  l o c a t e  s i n c e  they werz up t o  5 cent imeters  wide and a s . l e n 9  as 
one meter o r  more, were also l o f t e d  to  t h e  2000 meter limit of 
col lec t ion .  An e x c e l l e n t  accounting of s t r i p  s i z e  and loca t ion  
throughout t h e  test area was included i n  re fe rence  10. Thick f rag-  . 
ments from explosions were l imi ted  t o  less than 100 meters imed- 
i a t e l y  surrounding t h e  f i r e .  The comprehensive accounting fcr t h e  
t o t a l  e f f l u x  from s e v e r a l  o f  t h e  China Lake tests included,  i n  
addi t ion  t o  the l oca t ion  of the mul t i - f iber  spec i e s  on t h e  test 
range and t h e i r  phys ica l  dimensions, b u t  a l s o  t h e  ver t ica l .  d i s t r i -  
but ion of a l l  p a r t i c u l a t e s  on a Jacob's  iadder  c o l l e c t i n g  n e t  2nd 
t he  mass of each type of  f i b e r  matter recovered. 
An even more accura te  accounting of t he  var ious  types of 
f ib rous  ma ta r i a l s  given o f f  by burning a c t u a l  composite a i r c r a f t  
p a r t s  under r e a l i s t i c  condi t ions  was accomplished by the TRW nroup 
during t h e  l a r g e  s c a l e  av i a t i on  jet f u e l  f i r e  tests a t  Dugway 
Proving Groundc ( r e f .  12-16]. The c o l l e c t i o n  scheme at Dugis.)! 
r o f i t e d  by YEW'S e a r l i e r  experience a t  China Lake. The much 
:rger test s i t e  permitted the  c o l l e c t i o n  of l o f t e d  p a r t i c l e s  for  
~ i s t a n c e s  up t o  19  ki lometers ,  * n  c o n t r a s t  t o  the 2 km. l i m i t  a? 
China Lake. Furthermore, t h e  much l a r g e r  Jacob's  l a d i e r  (305-r >+2zr) 
square) a t  Dugway (compared t o  t h e  30-meter square  s i z e  a t  C h i , ~ a  
Lake) permitted a much improved sampling of the  smoke plume 
carrying L\e f ibe r s .  
F I R E  PLUME AND CHEMISTRY STUDIES 
Surpr i s ing ly  l i t t l e  usefu l  information about t h e  na ture  of 
av i a t i on  j e t  f u e l  f i r e s  was a v a i l a b l e  a t  the beginning of t h e  
carbon f i b e r  r i s k  program. Some a n a l y t i c a l  modeling of methane and 
n a t u r a l  gas f i r e s  had been done, more recen t ly  by NASA-Ames 
Research Center, b u t  experimental v e r i f i c a t i o n  of t h e  codes was 
lacking. Furthermore, t h e  methane and n a t u r a l  gas models were 
inadequate s u b s t i t u t e s  f o r  kercsene-base? f u e l ,  including a v i a t i o n  
j e t  f u e l s ,  which c r e a t e  except ional ly  sooty,  o i l y  smoke plumes. 
The only known experimental work with  such f u e l s  involved f i r e s  too 
small  t o  apply t o  many a i r c r a f t  c rash  f i r e s ,  
A program to provide models f o r  s u i t a b l y  l a r g e  a i r c r a f t  c r a s h  
f i r e s ,  qogether wi th  t h e  necessary f i r e  dynamics and chemistry data 
f o r  experimental v e r i f i c a t i o n  o f  the models, w a s  conducted under the 
d i r ec t ion  of the Chemical P ro j ec t s  Off ice  a t  NASA's Anies Research 
Center. Such a confirmed mudel w a s  felt d e s i r a b l e  f o r  understand- 
ing the  release of carbon f i b e r s  from the lower regions  of  a fire, 
t he  t r anspor t  of t h e  f i b e r s  from the f i r e  t o  the upper reaches  of 
the  f i r e  plume, and the  e x t e n t  of consumption by ox ida t ion  o f  t h e  
f ibers .  In  order  to  p r e d i c t  t h e  f i b e r  behavior, a number of  de- 
t a i l e d  c h a r a c t e r i s t i c s  of  l a r g e  f u e l  f i r e s  had t o  be  determined, 
Science Applicat .ons, IRC. Analysis  - Phase I 
The f i r s t  phase of t h e  a n a l y t i c a l  modeling of  - large,  l i q u i d  
f u e l  f i r e s  by Science Applications,  Inc. (SAI) r e s u l t e d  i n  a 
mathematical ana lys i s ,  based on the  b e s t  ope ra t iona l  d a t a  a v a i l a b l e  
a t  t h e  time ( ref .  28) -  "ne model included the pred ic ted  p r o f i l e s  
of flame v e l o c i t i e s  and temperaturzs, as w e l l  as t h e  expected 
spatial v a r i a t i o n s  i n  f i r e  chemistry, inclu6ing f u e l  and oxygen 
d i s t r i bu t ions .  Several  assumptions involving t h e  phys i ca l  phenomena 
cZ  t he  l a r g e  pool f i r e s  had to be made because of  t h e  pauc i ty  of 
experimental data. Consequently, some u n c e r t a i n t i e s  a f f e c t i n g  t h e  
oxidat ive  consumption of  carbon f i b e r s ,  a key o b j e c t i v e  o f  the 
study,  w e r e  i den t i f i ed .  These w e r e ,  (I . )  t h e  s p a t i a l  d i s t r i b i l t i o n  
of temperature and ava i l ab l e  oxygen (oxygen n o t  involved i n  f u e l  
burr,!.~g), and (2) the dependence of t he  rate of carbon f i b e r  s u r f a c e  
cxidat ion on temperature and a v a i l a b l e  oxygen, Subsequently, two 
experimental programs ksre conducted to  reduce t h e  unce r t a in ty  of 
those factors .  One w a s  a series of  tests c a r r i e d  o u t  a t  NASA's 
k h i t e  Sands (NM) T e s t  F a c i l i t y  t o  measure t h e  f i r e  dynar ics  and 
~ h o m i s t r y  of large ,  l i q u i d  pool f i r e s .  The o t h e r  program w a s  a n  
e:*kensive laboratory thermogravimetric a n a l y t i c a l  s tudy  a t  NASA's 
L a n ~ l e y  Research Center t-9 quant i fy  t he  rates of ox ida t ion  of  
cazbon f i b e r s ,  
NASA mite Sands Jet  Fuel  Pool F i r e  Tests 
Three la rge ,  w ~ l l  instrumented JT-C pool f i r e s  w e r e  conducted 
a t  White Sands ( re f .  1 7 ) .  The tests w e r e  designed and managed by 
?1BSA-Ames and c a r r i e d  o u t  by White Sands personnel. Pool f i r e s  
wtth 7.62-meter (one f i r e )  and 15.24-meter (two &ires) diameters  
kilinre run, a t  e s s e n t i a l l y  zero wind condit ions.  Above e a c h ' f i r e  
-93s an a r ray  of ins t rumer ta t ion  a t  var ious  p o i n t s  a long t h e  radi i  
of t h e  f i r e s ,  and a t  he igh ts  ranging f r o m  0.72 meters (2.35 f e e t )  
up t o  22.8 meters (70 f e e t ) .  The ins t rumentat ion a t  those  p o i n t s  
measured temperatures and major cons t i t uen t  spec i e s  i n  t h e  f i r e ,  
including oxygen, n i t rogen,  hydrogen, wacer ,  carbon monoxide, carbon 
d i ~ x i d e ,  argon, methane, hydrocarbons ( f u e l )  and soot .  Only l imi t ed  
flame ve loc i ty  measurements were achieved, due to heat-caused 
mechanical d i f f i c u l t i e s .  The r e s u l t s  of t h i s  series of f i r e  tests, 
r e l a t i v e  to  the S A I  Phase II modeling e f f o r t ,  are descr ibed i n  the 
following section. 
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The White Sands s tudy shawed that t h e  a c t u a l  maximum flame 
temperatures were w e l l  below those o r i g i n a l l y  p red ic ted  by t h e i r  
Phase I model. The lower than expected temperatures w e r e  found t o  
be t h e  r e s u l t  of incomplete mixing of  f u e l  and air ,  and thus, only  
p a r t i a l  consumption of fue l ,  Temperatures no higher  than 1500- 
1600K ( f i gu re  15) w e r e  measured, i n  c o n t r a s t  t o  p red i c t i ons  up to 
2400K- However, oxygen concentra t ions  w e r e  i n  reasonsble  accord 
wi th  pro jec ted  values. The use a t  each po in t  i n  t h e  f i w  of the 
f lam of a f l u c t u a t i n g  chemistry model ( r e f ,  2 9 ) .  wii: rh assumed a 
c e r t a i n  proport iqn of t h e  oxygen to be unavai lable  f o r  f u e l  com- 
bustion,  served LO reduce s o m e  o f  the error due t o  "wMixednessa 
of f u e l  and air. S t i l l ,  t h e  peak pred ic ted  temperatures of 1800- 
2000K were considerably higher  than w e r e  observed experimentally.  
With regard t o  t h e  consumption of carbon f i b e r s  by s u r f a c e  
oxidat ion,  t he  NASA Langley tt.ermogravimetric s tudy (see following 
sec t ion )  revealed s i g n i f i c a n t l y  lower rates of  ox ida t ion  than  pre- 
d i c t ed  wi th  the  o r i g i n a l  S A I  model ( r e f .  38). Analysis  by SAI of  
t he  empirically-derived f a c t o r s  (low temperatures and unavai lable  
oxygen) revealed t h a t  a r e l a t i v e l y  small m a s s  f r a c t i o n ,  t y p i c a l l y  
15 Dercent, of the m a s s  of a f i b e r  is oxidized when the  f i b e r  is 
re leased i n  t h e  lower region of  a l a r g e  f i r e  and is t ranspor ted  
above t h e  f i r e  by t h e  v e r t i c a l  flow of t h e  f i r e  plume. However, 
I n  add i t i on  t o  t h e  su r f ace  ox ida t ion  of the  f i b e r  when re leased ,  it 
is l i k e l y  t h a t  t he  process of ox ida t ion  may commence w e l l  b e fo re  a 
given f i b e r  is re leased  from a composite which is exposed t o  t h e  
f i r e .  F ibers  temporari ly a t tached a t  o r  near the su r f ace  of I 
composite may be ex tens ive ly  or even completely oxidized i f  
re ta ined  a t  t h a t  s i te  f o r  t e n s  of  seconds. 
Thermogravimetric - Analysis of Carbon F ibe r s  
The aforzmentioned thermogravimetric a n a l y s i s  (TGA) ctc+lr  of  
carbon f i b e r s  c a r r i e d  o u t  a t  NASA Langley provided information or. 
r a t e s  of oxidat ion of carbon f i b e r s  a t  temperatures p reva len t  i n  
f i r e s .  Although such d a t a  was a v a i l a b l e  f o r  t h e  thermal aging of 
carbon f i b e r s  a t  much lower use temperatures (up t o  573 K ) ,  nonc 
had been repor ted f o r  the high temperatures r ep re sen ta t ive  of 
l i q n i d  f u e l  f i r e s .  The Langley experiments w e r e  conductec? up t o  
1 2 5 0 ~  (1787OF), which was n o t  only t h e  maximum a t t a i n a b l e  wi th  t h e  
equipment on hand, b u t  a l s o  w a s  considered t o  be a r ep re sen ta t ive  
jet  f u e l  f i r e  temperature. 
The TGA tests were performed by hea t ing  c a r e f u l l y  weighed 
q u a n t i t i e s  of carbon f i b e r s  i n  a s e n s i t i v e  micro-balance a t  a rapiu 
rate up to 1250K- After  t h a t  temperature was reached, the fiber 
was heated isothermal ly  and the mass loss w a s  monitored until. it 
was completely consumed by oxidation.  Since a f i r e  enviramment 
does no t  have a uniform or cons tan t  air  or oxygen content ,  the 
tests were run i n  s e v e r a i  d i f f e r e n t  gas  environments: a i r  (21% 
oxygen) , 8.16% oxygen, 4.18% oxygen, and pure nitrogen. Some of  
t h e  r e s u l t s  of t h e  TGA s tudy are given i n  f i g u r e  16. The AS carbon 
f i b e r ,  which is t y p i c a l  of the types  of carbon f i b e r s  used exten- 
s i v e l y  i n  f a b r i c a t i n g  aircraft composite wrts, was completely con- 
sumed i n  an  a i r  environment i n  less than one minute, b u t  it r e s i s t e d  
s i g n i f i c a n t  degradation i n  thecomplete ly  i n e r t  n i t rogen  environment. 
Between those  two extremes, the f-r oxidized away a t  rates mark- 
edly  less than i n  air ,  I n  an a c t u a l  jet f u e l  f i r e ,  the e n t i r e  range 
of oxygen conten t  would undoubtedly e x i s t  f o r  varying per iods  o f  
t i m e  and i n  d i f f e r e n t  regions  of  the fire. The i n f o w t i o n  gener- 
a t ed  by t h i s  study was used to  advantage by Science Appl icat ions ,  
Inc. t o  determine pred ic ted  carbon f i b e r  ox ida t ion  rates, which _ 
w e r e  so important f o r  their f i r e  modelling e f f o r t .  
FIBER DETECTION AND COUNTING STUDY 
A s  w a s  pointed o u t  i n  t h e  s e c t i o n  on outdoor f i b e r  release 
tests a t  Chinz Lake, CA., most o f  the s i n g l e  f i b e r  d e t e c t i o n  and 
c o l l e c t i o n  w a s  with pass ive  methods. And by far the same w a s  t r u e  
f o r  all of t h e  laboratory f i b e r  release t e s t i n g .  However, a 
consequence of rhe  pass ive  techniques w a s  the neces s i t y  to count  
t h e  f i b e r s  by o p t i c a l  microscop.ic procedures which w e r e  slow, 
oxpensive, and s u b j e c t  t o  v a r i a t i o n s  r e l a t e d  to t h e  i nd iv idua l s  
doing the work, A t ask  to develop a more r e l i a b f e  and r ap id  count- 
i ng  method w a s  delegated to  the S e t  P r c p l s i o n  Laboraqory (JPL). 
Exploratory experiments a t  J P L  showed that a high voL?a$e s s a r k  
method t o  d e t e c t  carbon f i b e r s  w a s  promicing for a d a ~ t a t i o n  t o  a 
f i b t r  counting and neasurrng system. Althcugh t h e  p r i n c i p l e  behind 
t h e  technique was f a r  from being unique, J P L  incorporated s e v e r a l  
key changes which t a i l o r e d  t h e  method s p e c i f i c a l l y  f o r  carbon f i b e r s  
(ref. 9 ) .  Because of the  high r e s i s t ance  of most carbon f i b e r s  
(3000 ohms/cm or more), a carbon f i b e ?  draws only a very small 
cu r r en t  between a p a i r  of g r i d  e l ec t rodes  under a moderately high 
vol tage b i a s  (500 t o  2000 v o l t s ) ,  enough perhaps t o  h e a t  the f i b e r  
red-hot, b u t  not  enough t o  burn i t  up rapidly .  Generally,  t h e  
accumulation of f i b e r s  on an  e l e c t r i f i e d  g r i d  decreases  the sens i -  
t i v i t y  of t h e  gr id .  JPL overcame t h a t  problem by using a pu l se  
a ischarge technique, involving the  s to rage  of energy i n  a capac i to r .  
Thus, repeated pulsa t ion  was e f f e c t i v e  i n  completely consuming the 
carbon f i b e r s .  
For a l l  p r a c t i c a l  purposes, f i r e - r e l ea sed  carbon f i b e r s  of 
e l e c t r i c a l  concern were found t o  be between 1 and 5 mm long (see 
f i g u r e  11). Therefore,  t h e  J P L  i n v e s t i g a t o r s  combined f i v e  inde- 
pendent  !not i n  s e r i e s )  g r i d s  w i t h  spacings to count f i b e r s  i n  t h e  
1-2, 2-3, 3-4, 4-5, and 5-10 mm lengt-\ ranges. Eacb g r i d  had an 
independent pulse  i n t e g r a t o r  e l e c t r o n i c  package to shape the pu l se s  
f o r  t h e  i n p u t  spark s i g n a l s  and to i n t e g r a t e  those pu l se s  t o  pro- 
v ide  a 3c' vol tage ou tpu t  corresponding t o  the total  numSer of f i b e r  
counts. The r e s u l t i n g  s i g n a l  w a s  then recorded on a s t r i p  c h a r t  
recordzr. The total  assembly u t i l i z e d  a s t a i n l e s s  c t e e l ,  square  
mesh pre-screen to prevent  c l u s t e r s  of  f i b e r s  from s h o r t - c i r c u i t i n g  
the  gr id-bias  c i r c u i t r y .  A fan  and windbox arrangement provided 
t h e  a i r  sample. - 
Although the  design of  t h e  system w a s  not  optimized, a number 
of  important parameters of  t h e  opera t ion  w e r e  s tudied.  Among them 
w e r e :  t he  vol tage of  t h e  high vol tage dischar;Je, the capaci tance 
o f  t h e  discharge u n i t ,  a i r f l ow r a t e ,  depth and shape of t h e  g r i d  
e l ec t rodes ,  lengths  of f i b e r  fragments, and e f f e c t  o f  f i b e r  c l u s t e r s .  
While t h e  development of  the JPL counting system w a s  n o t  
accoinplished_in t i m e  to be u t i l i z e d  t o  its f u l l  p o t e n t i a l  i n  the 
carbon Eiber r i s k  a n a l y s i s  program, s e v e r a l  succes s fu l  t r i a l  appl i -  
c a t i o n s  of t h e  prototype device  demonstrated the p r a c t i c a l i t y  of 
t h e  corcept. The device w a s  used a t  t h e  t o p  of a combustion chimney 
to  detect f i b e r s  re leased  from burning composites i n  JPL a l t e r n a t e  
ma te r i a l s  experiments ( r e f .  25). Equally succes s fu l  counting of 
re leased  f i b e r s  i n  a smal l  EiASA A m e s  l abora tory  composite burn 
chamber w a s  a l s o  derronstratet?. I n  a la rge-sca le  test check-out, t h e  
cletector succes s fu l ly  monitored the  r e l e a s e  of carbon f i b e r s  i n  
a Dahlgren shock tcbe compositz burn test ( r e f .  11). The results, 
whizh agreed c lo se ly  wi th  those from an  independently-developed 
e l e c t r i f j e d  g r i d  de t ec to r  ( re f .  3 0 ) ,  helped show t h a t  t h e  f i b e r  
capture  c a p a b i l i t y  o f  s t i c h y  tape collectors i n  t h e  smokey jet 
f u e l  f i r e  plume may be l o w .  Later  experiments at t h e  Jet Prcpuls ion 
Laboratory proved t h a t  s o o t  generated i n  kerosene-fueled fires Eid 
no t  lead t o  t he  genera t ion  of spur ious  s i g n a l s  wi th  t h e  JPL high 
vol tage spark device. 
Although a c t i v e  devices  can provide dynamic f i b e r  informat ion,  
such as f i b e r  f l u x  values ,  the passive  s t i c k y  paper c o l l e c t o r s  can 
be used r e a d i l y  and more economic~ l ly  a t  many s e p a r a t e  l o c a t i o n s ,  
and  the:^ s to red  f o r  l a t e r  counting. A second t a sk  performed by t h e  
JPL team was t o  modify t h e  high vol tage spark system f o r  t h e  count- 
ing of carbon f i b e r s  which had beeq c o l l e c t e d  on pass ive  s t i c k y  
paper c o l l e c t o r s  ( r e f .  31). 
A spec i a l i zed  high vo l tage  discharge system was b u i l t  t o  "reaz"  
s t i c k y  paper s acp le s  upon which s i n g l e  f i b e r s  had been captured.  
A s i n g l e  g r i d  w i t h  a 1.19-mm spacing and opera t ing  under a b i a s  of 
510 v o l t s  was t h e  heart of the tape-reading system. Wheq placed 
onto t h e  s t i c k y  paper holding the  captured carbon f i b e r s ,  a rapid  
spark discharge from fcu r  p a r a l l e l  high vo l tage  capac i to r s  cause? 
t h e  consecutive burn-up of c a r b ~ n  f i b e r s  on t h e  tape.  The rate of 
discharge could be var ied  a t  w i l l  from 5 t o  100 Hz, depznding on 
the fiber density. Cal ib ra t ion  of %he dev ice  wkth GtaNardiaed 
tape samples e s t a b l i s h e d  the av4rage of maltipXe discharges 
necessary to burn oat each fiber ( f o r  fibers of ueiform l eng th  
depsited i n  random fashion) at: about 2-112 per fiber. 
Although this system was not ccmpletely op+-oed and tested, 
the progress was s u f f i c i e n t  for the i n v e s t i g a t o r s  to achieve a 
statistical understanding o f  spark counts i n i t i a t e d  by irarbon fibers 
on a s t i c k y  paper medium, us ing a high vo l t age  g r i d  system, Suff- 
i c i e n t  d a t a  w a s  obta ined t o  e s t a b l i s h  a c a l i b r a t i o n  f a c t o r  f o r  
counting t h e  carbon f i b e r s  on a s p e c i f i c  s t i c k y  paper surfacs. 
Prototype harctllare w a s  developed and d a m n s t r a t e d  i n  l abora tory  
t e s t i ng .  
Fur ther  development of  the concept could probably l ead  to its 
adapta t ion  to the  counting of  carbon f i b e r s  collected on the 
su r f aces  o f  f i l t e r s ,  such as the micropore types. Fiber l eng ih  
d i s t r i b u t i o n s  could also be obta inab le  by us ing  s e v e r a l  su i tab ly-  
spaced g r i d  networks. A l s o  bel ieved possible is the adapta t ion  
o f  t h e  conczpt to the c o m t i n g  o f  sub-millimeter s i z e d  p a r t i c l e s  
of importance for environmental coasiderat ions .  
CONCLUDING REWARKS 
An ex tens ive  program involving a l l  a spec t s  of  t h e  release o f  
carbon f i b e r s  w a s  conducted- The p r i n c i p a l  o b j e c t i v e  of t h i s  
i nves t iga t ion  was to  assist i n  t h e  p red ic t i on  of  amounts and 
c h a r a c t e r i s t i c s  of carbon f i b e r s  which would be generated from t h e  
c rash  and burning of c i v i l  a i r c r a f t  having s t r u c t u r a l  p a r t s  made 
from carbon f iber - re inforced  epoxy materials. 
Hundreds of  cosposite-burning experiments w e r e  conducted on 
a laboratory sca l e ,  A number of  parameters which could a f f e c t  f i b e r  
r e l ea se  w e r e  s tud ied ,  including t h e  types  and degree of  d i s tu rbance  
appl ied to t h e  burning composites, and na tu re  of the composite 
i t s e l f ,  and t h e  type and proport ions  of fue l ,  The d i s tu rbance  
appl ied  t o  t h e  burning composite w a s  shown t o . b e t h e  m o s t  critical 
f a c t o r  i a f luenc ing  s i n g l e  f i b e r  release, lead ing  to very law amounts 
of f i b e r  hased on theanount i n i t i a l l y  p re sen t  i n  t h e  burned compo- 
site f o r  t x n i n g  a l o n ~ ,  to  somewhat g r e a t e r  release when t h e  burned 
composites were subjected to explosive  d e s t r u c t i o n  ( f i g .  17). 
Large scale a v i a t i o n  jet f ~ e l  f i r e s  were conducted t o  demon- 
strate t h e  v a l i d i t y  of t h e  laboratory f i r e - r e l e a s e  exceriments. 
The burning of up to 4 5  kilogram q u a n t i t i e s  of carbon f i b e r  com- 
p o s i t e  a i r c r a f t  p a r t s  i n  15-meter diameter pool f i r e s  confirmed 
the  genera l ly  low l e v e l  of r e l e a s e  of carbon f i b e r s  i n  l abora tory  
tests, w i t h  less than a q u a r t e r  of a percen t  of s i n g l e  f i b e r s  being 
given o f f .  Demonstration tests a l s o  showed t h a t  t h e  e l e c t r i c a l  
c h a r a c t e r i s t i c s  of f i r e - r e l ea sed  carbon f i b e r s  w e r e  equ iva len t  t o  
those of v i r g i n  carbon f i b e r s  which n e i t h e r  had been combined with  
matr ix  r e s i n s  nor had been exposed t o  f i r e s .  
The release of unexpectedly s m a l l  amounts of carbon f i b e r s  
from burning composites was a t t r i b u t e d  i n  p a r t  to  the f a c t  t h a t  
carbon fibers general ly  used i n  state-of-the-art a i r c r a f t  composites 
can be consumed extensively by oxida t iont in  av ia t ion  jet f u e l  f i r e s .  
Empirical evidence of  oxidat ive consumption i n  f i r e s  was  supported 
by a laboratory themograviraetric a n a l y t i c a l  study, as w e l l  as by 
fire plume dynamics and chemistry s tudies ,  
For the  purpose of r i s k  computations, a f i g u r e  of  1% of the 
mass of carbon f i b e r  o r ig ina l ly  present  i n  burned a i r c r a f t  cow- 
pos i t e  p a r t s  w a s  reconmended f o r  the 85% of those c i v i l i a n  a i r c r a f t  
crashes expected t o  involve f i r e  alone ( f ig ,  18). Three and one- 
half  percent of the  fiberwas ant ic ipa ted  to  be released i n  fires 
having an explosion. These s ing le  f i b e r  release values r e f l e c t e d  
only those f i b e r s  of concern i n  an electrical sense, t h a t  is, over 
one millimeter long, Furthermore, the f i b e r s  predicted to  be 
released were assumed to be of an exponential length d i s t t i b u t i o n  
( fo r  those over 1 mm long),  w i t h  a mean length of 2 millimeters. 
REP=- 
A Repart of Observed E f f e c t s  on RXectrical SystsPs of Airbarae 
Cadx&QaphS# Fibsra- Tl4 78652, 19'18. 
Carbon F i b  Study. T& 70'118. 1918, 
Bell, V.L.: Source of Released Carbon Fibers. bUSA Cumference 
Publication 2074. 1979. pp 41-71. 
Babinsky. ' f .C,;  and ~ u s s e ~ ,  It-A : Bura/Blast Tests of kir- 
c r a f t  S t r u c t u r a l  E lemnts .  G .  So Naval Surface Weapons Center, 
NsYCjDL TI€ 3897, 1978, 
Babinsky, T.C,; and Musselman, K.A.: Burn/Blast Yes- of 
niscellaneous Graphite composite Parts. U-S, blaval Surface 
Weapons Center, NSbSC PR 79-390, 1979. 
Babinsky, T.C.: F ibe r  Release From Impacted Graphite Reinforced 
Epoxy C o m p o s i t e s .  U.S. Naval Surface Weapons Center ,  EPSWC 
TR 80-216, 1980. 
Alexander, J.G.: Development o f  a F i r e  T e s t  F a c i l i t y  f o r  
Graphite Fiber-Reinforced C o m p o s i t e s .  (AVCO Corporation; NASA 
Contract  NAS1015511). NASA CR 159193, 1980. 
Wilton, C.; aamburnoff, G.; and Boyes, 3.: Fire  Tes t ing  of NASA 
Samples - Phase I. ( S c i e n t i f i c  Services ,  I N c . ,  NASA Contract  
NAS2-9945). NASA CR 152339, 1979. 
Yang, L.C.: High Voltage Spark Carbon F iber  Detection System. 
Jet Propulsion Laboratory Publ ica t ion  80- 30, 19 80. 
Lieberman, P.; Chovi t t ,  A.R.; Sussholz, B.; and Korman, B.F.: 
D a t a  Reduction and Analysis  of Graphite F iber  Release Experi- 
ments. (TRW Defense and Space Systems Group; NASA Contract  
NAS1-15465). NRSA CR 159032, 1979. 
Pride,  R.A.; Mefiatton, A.D.; and Musselman, K.A.: E l ec t ron ic  
Equipment Vulnerab i l i ty  to F i r e  Released Carbon Fibers .  NASA 
m 80219, 1980. 
Pride,  R.A.: Large Sca le  Carbon F iber  Tests .  NASA TM 80218, 
1980. 
Chovit, A.R.; Lieberman, P.; Freeman, DOE:; Beggs, W.C.; and 
Millavec, W.A.: Carbon F iber  Plume Simpling f o r  Large Sca le  
F i r e  Tes t s  a t  Dugway Proving Ground. (TRW Defense and Space 
Systems Group; NASA Conrract  MS1-15465). NASA CR 159215, 1980. 
Chovit, A.R.; and Freeman, D.E.: Data Tabula t ion from Carbon 
F ibe r  P1 .m  Sampling f o r  Large-Scale F i r e  T e s t s  a t  Dugway 
Proving Ground, (TRW Defense and Space SystfSOS GZ'Oup; 
Cont rac t  NAS1-15465). NASA CR 159216, 1980. 
Whiting, J.H.; Magann, G.N.; Pe terson,  W.A.; and Sut ton,  G.: 
Large-Scale Outdoor Fire-Released Carbon F i b e r  Experiments. 
U.S. Army Dugway Proving Ground, DPG-FR-80-301, 1980. 
Peterson,  W.A.; and Ca r t e r ,  F.L.: Methodology Study f o r  t h e  
Development o f  a Pass ive  Sampler f o r  Fire-Released Carbon 
Fibers .  U.S. Army Dugway Proving Ground, DPG-TR-78-314, 1980. 
Lindley, L.: Measur-nts of  t h e  S p a t i a l  Dependence o f  Temper- 
ature, G a s  and Soot Concentra t ions  Within Large, Open 
Hydrocarbon Fuel  F i r e s ,  XUASA White Sands T e s t  F a c i l i t y  
TR-259-001, 1980. 
Pr ide ,  R.A.: Carbon F ibe r  Counting, NASA TM 80117, 1980. 
Review and Analys is  o f  F ibe r  Counting Methods. U.S. Naval 
Surface  Weapons Center,  NSWC TR-80-210, 1980. (Arthur D. 
L i t t l e ,  Inc. ). 
B e l l ,  V.L.: Release o f  Carbon F i b e r s  From Burning C o n t p o s i t e s .  
NASA Conference Publ ica t ion  2119, 1980, pp. 29-57. 
Taback, I.: Evaluation of  Equipment Vu lne rab i l i t y  and Poten- 
t i a l  Shock Hazards. NASA Conference Pub l i ca t i on  2119, 1980, 
pp. 73-99 
Sussholz, B.: Evaluat ion of Micron S i z e  Carbon F ibe r s  Released 
from Burning Composites. (TRW Defense and Space Systems Group; 
NASA Cont rac t  NAS1-15465). NASA CR 159217, 1980. 
Newcomb, A.L.: Carbon F iber  Exposure Tes t  F a c i l i t y  and 
Procedures. NASA TM 80220, 1980. 
Gibbs, H.; Wendt, R.C.; and Wilson, F,C.: Carbon F ibe r  Struc-  
t u r e  and S t a b i l i t y .  33d Annual Technical  Conference, 1978; 
Xeinforced Plast ics/Composites I n s t i t u t e ,  The Soc ie ty  o f  
P l a s t i c s  Indust ry ,  Inc. 
Ramohalli, K.: Novel Approaches f o r  A l l e v i a t i o n  of  E l e c t r i c a l  
Hazards of Graphite-Fiher Composites. Jet Propuls ion Labor2,tory 
P ~ h l i c a t i o n  79-63, 1979. 
Reardon, J.; and Russe l l ,  L: Metal Ion Catalyzed Combustion of 
Carbon F ibe r s  and Resin Matrices. 14th  Carbon Conference, 
Pennsylvania S t a t e  Universl t y  , June 25-29, 1979. 
2?. Holt ,  P,P.t  a d  Borne, M o t  D w t  Fror Carbon Fiber. Envirc~n- 
rsatal 8esar&cla. &7, 1970, pp. 276-283- 
20- Anal tical Prediction of Atmospheric Plumes +and Associated 
Bar 4 el@ Diaperla1 Generated by Large Open Fir-. (Science 
Agpl&cation8, tnc. ; WGA Contract -2-10039). HASA CR 
152337. 3.978. 
29, H%r&r, P.T.; Bgagg, W.N.; and =elman, R.B.: Preliminary 
Regaorta fmpro~+arant of  a Mathematical Hodel of a Large Open 
Pire. (Soisncsr Applications, Inc.: NASA C o n t r a c t  -2-10327). 
NASA CR 152338, 1979. 
30. Experimental a d  Analytical  Studies for the NASA Graphite Fiber 
Risk Assessment. (The B i o n e t i c s  Corporation, NASA C o n t r a c t  
NAS1-1523a). NASA CR-159214 1980. 
31. Yang, L-C,; gRd Hull, Glen L.: High Voltage Spark C a r b o n  Fiber 
Sticky Tape Data Analyzer. Set Propulsion Laboratory Publica- 
tion 80- 55 , 1980. 
TABLE I. - CARBON FIBER RELEASE TEST FACILITIES 
Laboratory Tes t ing  
NASA Langley Research Center 
Navy's NSWC Dahlgren (VA) Chamber 
AVCO Corporation F i r e  Tes t  F a c i l i t y  
S c i e n t i f i c  Services ,  Inc. (Redwood Ci ty ,  CA) F a c i l i t y  
Jet Propulsion Laboratory 
Demonstrat-i-n - and Large-Scale Test ing 
A i r  Force/THW a t  NWC China Lake, CA 
Navy's NSWC Dahlgren Shock Tube F a c i l i t y  
Army's Dugway Proving Ground, UT 
F i r e  Plume and Chemistry Test ing 
NASA White Sands T e s t  F a c i l i t y  
TABLE 11. SINGLE CARBON FIBERS (CF) RELEASED FROM TESTS OF 
SPECIMENS FROM COMPOSITE AIRCRAFT PARTS 
)r- Uncorrected -7 
P a r t  and P a r t  W t .  CF Length N o .  of f i b e r s  Cor rec t ion  N o .  of 
a~~ - /x- i n d i c a t e s  a composite burn followed by e x p l o r i o n ~  BT- Sndicater burn only. 
l 
b ~ e e  r e f e r e n c e  4 
C ~ s t i m a t e d  
d% CF = no. f i b e r s  counted x ave. l e n g t h  (cm) x w t .  i n  g. of  1 an of f i b e r  (9  x lo-') lM) w t .  of carbon f i b e r  i n  sample 
e ~ e e  r e f e r e n c e  19.  Cor rec t ion  f a c t o r  of 0.35 extended. down t o  25 mi l l ion  count. 
TABLE 111. - MATRIX OF TESTS AT N W C ~  CHINA LAKE 
Test Test TYPe Type Burn Complete 
no. locationa sample fuel b time (sec) ~ x ~ l o d e ? '  analysis? 
'NWC - Naval Weapons Cente,; CTS - Capistrano Test Site 
'propane: 1900-2000DF flame; hot propane: 2300-2400°F flame 
'~ift~-seven grams ( 2  ounces) of C-4 explosive, except CTS-3 (114 grams) 
d ~ l u s  1.36 kilograms of aluminum and magnesium 
e ~ l u s  burned residue from test no. 9 
TABLE IV. - CARBON FIBER MASS BALANCES FOR NWC CHINA LAKE 
TESTS 
4 
a;ingle fiber, clusters, fragments 1 to 20 mm long 
Test 
no. 
3 
5 
8~~ 
8~~ 
11 
13 
'~ncludes fibers dispersed but not collected, fibers shorter than 1 m, and fibere tau-d by 
oxidation 
 u urn only - 88; exploded residue - CE 
TYPe 
sample 
P l a t e  
Plate 
Barrel 
(Residue) 
Spoilers ( 3 )  
Cockpit 
Initial Fiber 
mass, g. (est) 
6i1 
611 
3,690 
< 575 
2,630 
16,200 
% F i b e r  
I 
wlaccountrad b 
...- 
Total depositiona Single fiber 
I 
mass, g. 
168 
105 
-- 
50 
3 
9 
mass, g. 
0.08 
-07 
-- 
- 4 9  
-01 
.04 
% initial 
mass 
19.2 
12.0 
-- 
.7 
.08 
.04 
% initial 
maas 
0.01 
.008 
-.- 
.007 
.0003 
.0002 
TABLE V. - SINGLE FIBERS WITH LENGTHS GREATER THAN 1 
RELEASED I N  DUGWAY JET AVIATION FUEL FIRE TESTS 
a Carbon fiber mass calculated as 0.7 composite mass 
Average length 
of 
single fibers, 
mrn 
3.2 
3.1 
3.2 
3.3 
3.2 
Test 
no. 
D- 1 
D- 2 
D- 3 
S-1 
S- 2 
Single fibers released Carbon fiber 
mass in fire, kga 
32.34 
31.84 
49.54 
34.01 
31.88 
L 
Number 
3.1x108 
3.5 
2.4 
2.9 
2.2 
Mass, q 
64 
72 
51 
63 
46 
% of initial 
mass 
0.20 
-23 
.10 
.19 
.14 
~ B L E  VI. - SIZES OF CARBON FIBERS FROM COMPOSITE 
BURN TESTS 
a CTS - Capistrano TZSL site; BT - Burn Test (Dahlgren C5amber:r 
DL - Dahlgren Shock Tube; AF - Air Flow (Dahlgren Chanber) 
b"~espirable" includes fibers less than 3.5-4.0 micrometers 
in diameter and with length: diameter between 3:1 and 10:l 
C~ncomplete analysis indicated less than 0.6% of the fibers 
had diameters less than 3.5 pa. No L:D available. 

Figure 3 .  - Single f i b e r  release from prototype co-si te a i r c r a f t  
parts exposed to  f i r e  plus explosives.  
Figure 4 . -  Effects  of high and l o w  airflow o n  s ing le  f i b e r  
release. 
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Figure 5.- E f f e c t s  of pendulum impact on single fiber release. 
Figure 6.- Effects of internal disturbances on single fiber 
release. 
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Figure 7.- Release o f  s i n g l e  carbon f i b e r s  f r o m  carbon fiber/ 
UOMEX hcneyconb panels under d i f f e r e n t  test con;. 
d i t ions .  A-Panel skins:  2 p l i e s  of carbon tape 
( 0  + go0)  w i t h  f i b e r g l a s s  s c r i m .  B-Panel skins: 
2 p l i e s  of carbon f ab r i c .  C-Panel skins:  1 p l ~  
of carbon f a b r i c  and 1 ply  of Kevlar f ab r i c .  L = 
mean f i b e r  length. 
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Figure 8.- Release of s i n g l e  carbon f i b e r s  from propane f i r e  
only and f i re /explosive tests. 
Figure 9 . -  E f f e c t s  of fire v a r i a b l e s  on t o t a l  carbon f i b e r  
r e l e a s e  . 
a Figure 10.  - S i n g l e  carbon f i b e r s  and composite fragments from 
f ire  plus drop impact tests. 

Figure 13.- A comparison of pre- and post-test diameters of 
carbon fibers. 
TEST AF-4 
---------- TEST AF-6 
Figure 14.- Spertrum of reduced fiber diameters for two airflow 
assisted burn tests. 
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Figure 15.- Results from NASA White Sands f i re  experiments. 
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Figure 16.- Iso-thermogravimetric  analyses  of "AS" carbon f i b e r s .  
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Fiwre 17.- Sum-ary of effects of distarhances on single fiber 
release from composites . 
TEST CONDITIONS 
Figure 18.- Summary of numerous laboratory carbon f i b e r  release 
t e s t s  with quantities recommended for risk computations. 
